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PREPARATION FROM HUMAN RED CELLS OF A SUBSTANCE 
inhibiting \TRUS HE^^AGGLUTrNATION* 

Bv PATRICK 2il. DEBURGH.t M.D., PEN-CHUNG YU§ M.B., CALDERON' HOWE, 
M.D., AM) MAX BOVARNICK, M.D. 

(From Iht Deparimcti} oj Bacteriology and Immunology, Uarrard Medked School, Boston) 
(Received for publication, September 17, 1947) 


CORRECTION 

Vol. 86, No. 5, November 1, 1947 

Page 417, 9tb line, the last sentence should read: Two deieloped typical gastro- 
enteritis, indicating that the agent had multiplied in cases S and JO, and was not a 
toxin ingested by the original cases. 


xxa La.iV/ VAUUVU UC:>L4.1UCU Uy XlinsC 

Recently three other laboratories have reported interesting data in relation to the 
effect of various tissue and cell extracts and other substances on virus hemagglutina- 
tion and multiplication. Friedewald, Miller, and Whatley (3) described the hemag- 
glutination-inhibiting effects of saline extracts of various human and animal tissues 
and red cells. Horsfall and McCarty (4) produced evidence to show that certain 
bacterial and plant polysaccharides seem capable of interrupting the multiplication of 
PVhl virus in mouse lung. The intrapuhnonaiy multiplication of virus was reflected 
by a rise in hemagglutination titer of triturated infected mouse lung. Administration 
of the polysaccharides diminished or prevented this increase in titer after infection. 
Green and Woolley (5) have demonstrated the inhibitor>" effect of various animal and 
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PREPARATION FROM HUMAN RED CELLS OF A SUBSTANCE 
INHIBITING VIRUS HEMAGGLUTINATION* 

Bv PATRICK M. DEBURGH4 M.D., PEX-CHUNG YU§ M. B., CALDERON HOW E, 
M.D., A-VD MAX nOVARNlCK, ^^.D. 

{From the Depaiimcitl cJBoctmohgy and Immunology, Uorcard Medical School, Boston) 

(Received for publication, September 17, 1947) 

Experiments on the inhibiting effect of human and sliecp red blood cell ex- 
tracts on the hemagglutinating action of mumps and influenza viruses have been 
described in a pre\'ious report (1). Results were presented which suggested 
that the inhibiting agent found in' these red cell extracts was a derivative of, or 
identical with, the material which in the intact cell constitutes the receptor site 
for the virus in the hemagglutination reaction. These results consisted partly 
in a demonstration that, in the systems studied, the species specificity of the 
inhibition reaction paralleled that of the hemagglutination reaction. Thus it is 
known that influenza (PR8) xirus will agglutinate human and chicken red cells, 
but not sheep cells-, and that mumps virus will agglutinate all three types of red 
cells. It was found that the human red cell extracts inhibited the agglutination 
of human and chicken cells by influenza virus; and that of human, chicken, and 
sheep red cells by mumps virus. Extracts of sheep cells, however, inhibited 
the agglutination of sheep cells by mumps virus, but did not inhibit agglutina- 
tion of human and chicken cells by influenza virus. Further support for the 
x-iew abox-e mentioned was prox-ided by the discover^' that in a mixture of x-irus 
and inhibitor at 37°C. the latter was inactix-ated, just as is the receptor of intact 
cells under similar conditions in the elution phenomenon described by Hirst (2). 

Recently three other laboratories have reported interesting data in relation to the 
effect of various tissue and cell extracts and other substances on virus hemagglutina- 
tion and multiplication. Friedewald, Miller, and WTiatley (3) described the hemag- 
glutination-inhibiting effects of saline extracts of various human and animal tissues 
and red ceUs. Horsfall and McCarty (4) produced evidence to show that certain 
bacterial and plant polj-saccharides seem capable of interrupting the multiplication of 
x-irus in mouse lung. The intrapulmonary multiplication of x-irus was reflected 
by a rise in hemagglutination titer of triturated infected mouse lung. Administration 
of the polysaccharides diminished or prevented this increase in titer after infection. 
Green and Woolley (5) have demonstrated the inhibitoiy effect of various antTna l and 

* -Aided by a grant from the National Foundation for Infantile Paralysis. 

I Fellow of National Health and Medical Research Council of Australia. 
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VIRUS HEMAGGLUTINATION INHIBITOR 


plant polysaccharides on the hemagglutination of chicken red cells by influe.iza PRS 
virus, and on the multiplication of the same virus in the chicken embryo. 

The inhibitor previously reported from this laboratory was designated as a 
lipid extract of red cells. The present report deals with further experiments on 
methods of preparation of the soluble inhibitor, on its partial purification, and 
on some chemical properties of the most active preparations that we have thus 
far obtained. 


EXPERIMENTAL 

Assay . — For assay purposes one unit of inhibitor was designated as that amount of material 
which would completely inactivate two minimal hemagglutinating doses of influenza virus, 
strain PR8. The minimal hemagglutination dose was previously determined by titration as 
the smallest amount of virus which would agglutinate 0.1 cc. of 2.5 per cent cells in a final 
volume of 0.5 cc. Unless otlieraise stated, human group 0 cells and chick embryo allantoic 
fluid infected with PR8 influenza virus were used in the assays. In tlie actual test 0.2 ml. of 
twofold serial dilutions of the extract to be tested was mi.xed with two minimal hcmaggluUnat- 
ing doses of virus contained in 0.2 ml. of saline buffered to pH 7.4 by addition of 10 per cent of 
0.15 molar phosphate buffer. The mixture was kept at 4°C. for one-half hour and then 0.1 
ml. of a 2.5 per cent suspension of red cells in buffered saline was added, tlie mheture was 
shaken, and the cells were allowed to settle in the cold room. The degree of agglutination was 
read by the pattern of the sedimented red cells after the method of Salk (6). The titer repre- 
sents the reciprocal of the highest dilution of inhibitor showing complete absence of aggluti- 
nation. 

Exlradion of Inhibitor from Red Cells . — ^The first step was tlie conversion of cells* to stroma.* 
In earlier experiments the inhibitor was extracted from pools containing only group 0 cells. 
It is tlicrefore evident that although it has been reported that blood group specific substance A 
exerts an inhibitory effect on hemagglutination by PR8 virus (5), the inhibitor under considera- 
tion is not tlie A or B antigen. This is further substantiated with respect to the A antigen 
by the fact tliat a highly purified specimen of group A substance from hog stomach' did not 
inhibit hemagglutination in a concentration of 1 mg, per cc. It is also of interest that a prepa- 
ration of hog's stomach group 0 substance? did not inhibit hemagglutination at a concentration 
of 250 gamma per cc. Friedewald (3) has also reported group A substance to be inactive as an 
inhibitor of chicken cell agglutination by influenza virus. Owing to the difficulty of securing 
adequate amounts of blood the later c.xperimcnts were done with pools of all the types. There 
was no significant difference in the amount or quality of extractable inhibitor obtained. 

In tlie earlier experiments the cells were washed three times witli saline. Since inhibitor 
material from unwashed cells was the same with respect to yield and behavior as that obtained 
from waslicd cells, and since samples of pooled plasma showed no inhibitor extractable by the 
metliod outlined below, this tedious step was omitted in later preparations. 

Tlie stroma was prepared after the method of jorpes (7). The packed cells were lysed by 
the addition of ten volumes of cold (5°C.) distilled or tap water, and the pH was brought to 5.6 
by the addition of 1 per cent HCl or acetate bufferpH 4.0 (700 ml. IOnHAC, 200ml. 7 JiNaAC, 


* Cells and stroma were kindly supplied by the Antitoxin and Vaccine Laboratory, Massa- 
chusetts Deparlroent of Public Health, and by the Sharp and Dohmc Company, Clenolden, 
Pennsylvania. 

' This was kindly made available to us through the courtesy of Dr. E. A. Rabat, Columbia 
University, College of Physicians and Surgeons. 
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400 ml. distilled water). The stroma settled out in a tldck curd whidi wm separated in Uic 
Sharpies centrifuRe. Tlic pink precipitate was diluted with distilled water to a volume 
roughly one-fifth that of the original, packed red cells, and the pll of the thick fluid was brought 
to 7.1-7 .2 by the addition of 0.5 N NaOH with vigorous stirring. 

Calvin d cl. (8) have shown that stroma prepared as described consists of 
two fractions, cUnin and stromatin, separable by high speed centrifugation 
over a pH range of 7.5 to 7.S. It was of interest to determine which of tlicsc 
two fractions carried the inhibitory activit 3 ^ 

Stroma was suspended in buflered saline pH 7.4 to give a pinkish opalescent solution. On 
spinning this suspension at 18,000 p_r.M. for 30 minutes, the clinin was found as a iiinkish 
grey pellet on the bottom of the tube. The dear supernatant stromatin solution was pipetted 
off, the dlnin was resuspended in the original volume of buffered saline, and the two solutions 
were Bss.a>‘cd for activity. 

The titer of the stromatin solution was less than twenty, while tliat of the 
plinin suspension tvas 2500. Obviously the activity is associated with Uic 
dinin fraction. 

Various attempts to resolve the clinin particles into soluble components with 
presen'ation of activity were unsuccessful until finally the fact that Calvin d al. 
had reported it to be a lipoprotein suggested the use of the McFarlane (9) pro- 
cedure for dissociating lipoproteins. This consisted of alternate freezing and 
thawmg of an aqueous suspension or solution of the material in the presence of 
diethyl ether. The procedure when applied to stroma yielded the inhibitor in 
an ether-soluble form. 

Whole stroma paste, pH 7.0, was distributed in 70 ml. amounts into 250 ml. bottles. One 
end one-haif to two volumes of peroxide-free ether were added to each bottle, which was then 
stoppered and shaken rigorously until an emulsion had formed. The unsloppcrcd bottles 
were then placed in a dry ice box until the emulsion was frozen. After thawing, the bottles 
were stoppered, shaken rigorously, centrifuged, and the ether was then siphoned off. Fresh 
ether was added, and the procedure was repeated six times. On further extraction the yield of 
ether-soluble active material decreased although the inhibitor content of the stroma was not 
entirely exhausted. Similar results were obtained in the extraction of lung tissue (Fig. 1). 

The combined paleycUowethersolutiDnswereevaporated inreowunderastreamof CO* toa 
lightbrownmudwhichwaskeptundersuctionuntilmostof the water was removed. This was 
then thoroughly triturated with acetone (200 ml. per liter of starting stroma suspension) and 
the supernatant was separated by centrifugation and decantation. The extraction was re- 
peated two or three times until the acetone washings were colorless. The same process was 
repeated with 95 per cent alcohol, using approximately 75 ml. of alcohol per liter of stroma for 
each extraction, until the alcohol washings were colorless. It was found that not only was all 
the actirity left in the acetone- and alcohol-insoluble fraction, but that the inhibitory titer was 
actually increased by the passage into the acetone and alcohol of some material which antago- 
nized the inhibitor (Table I)- This antagonistic effect is probably due to the action of some 
component of the acetone- and alcohol-soluble fraction on the cells, since this fraction, when 
suspended in saline, caused agglutination of the cells in the absence of virus. 

Following tie acetone extraction, the residue remained in the form of a light brown dry 
powder, whereas it is a gummy mass after extraction with alcohol. Therefore it was found 
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EXTRACTION 

Fig. 1. Titer of successive e.vtractions of human lung and red cells. 


TABLE I 

Removal of Inhibitor Antagonist by Acetone and Alcohol Extraction 
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A, batch 14. Readuc of 100 ml. ether extract resuspended in 6 ml. saline. 

B, batch 14. Residue of 100 ml. ether extract treated with acetone and alcohol and re- 
suspended in 6 ml. saline. 

C, batch 28. Residue of 100 ml. ether extract resuspended in 3 ml. saline. 

D, batch 28. Residue of 100 ml. ether extract treated with acetone and resuspended in 
3 ml. saline. 

E, batch 28. Residue of 100 ml. ether extract treated with acetone and alcohol and re- 
suspended in 3 ml. saline. 

convenient to treat the alcohol residue once again with acetone to obtain the active insoluble 
material in the powdered form. Activity at this point was about 0.1 unit per gamma, and the 
yield averaged 2 to 3 gm. per liter of original stroma. This powder was suspended in chloro- 
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form overnight, then filtered through .1 sintered glass filter of medium porosity, w.-i5hcd, and 
dried. A considerable amount of substance, usually about 50 per cent, dissolved in chloroform 
to give a dark brown solution, and .ipjjroxim.atcly 15 per cent of the activity was often found 
in this soluble fraction. The chloroform-insoluble brown powder contained most of the in- 
hibitor and its acGvity was of tlie order of 0.16 unit per gamma. 

The active matcri.al was water-soluble and could be c,\tractcd almost completely by allowing 
the powder to soak in water overnight in the refrigerator, or more rajiidly by heating an aque- 
ous suspension of the powder at 60°C. for 20 to 30 minutca in a water b.ath. On centrifuging 
the water-insoluble material at 18,000 K.P.M. (25,000 g) in the high speed angle head centri- 
fuge for 30 minutes, clear, light brown aqueous solutions were obtained. The activity of these 
solutions was of the order of 1.23 units per gamma of dry weight. Tlie active solutions g.ive 
a positive Molisch test and contained 7 per cent K. The active malcri.al was apparently a 
substance ol high molecular weight as it was non-dial>T.ahle. It was sedimentable in the 
ultracentrifugc at 200,000 to 240,000 g but was obviously impure, as the solution showed sev- 
eral components in the analytical ultracentrifugc. About one-quarter of the matcri.il appeared 
to be a polydisperse fraction sedimenting vco' readily in the ultracentrifugc (sedimentation 
constants greater than 15 S). Slightlj- more than half of it sedimented fairly uniformly, with 
sedimcntiUon constants of 10 to 12 S. The remainder was found in two minor components 
sedimenting more slowly. The active component was in the more rapidly sedimenting frac- 
tions, and probably in the one coming down first. This is only a tentative conclusion as a 
clear separation of the two most rapidly sedimenting fractions was not achieved. Further 
purification of the fractions was not attempted since it was found possible to prepare dcddcdly 
more active material by another method, as follows: — 

Preparalum of ChlorcfomSoluble Malersal . — The freezing and thawing of the stroma-ether 
mixture was cumbersome, and a more convenient method of extraction was desired. This was 
achieved by heating a neutral stroma paste contaiiung a few per cent of ether at 70°C. for IS 
minutes. The mixture was cooled to room temperature afterwards and extracted with ap- 
proximately 3 to 4 volumes of ether, letting it remain at room temperature for 24 hours with 
frequent shaking. Occasionally a relatively stable emuklon ivas formed on shaking, which 
broke only on addition of more ether, or after prolonged standing. The extraction was re- 
peated three times. Further extractions resulted in decreasing amounts of activity. 

After removing the ether by distillation in vacuo the residue was dried and treated with 
acetone and alcohol as previously described. At this point it was found that the activity la}' 
in the insoluble light brown residual powder as before, but that, in contrast with the findings 
at the corresponding stage in the previous methods of preparation, this powder was almost 
completely soluble in chloroform. On treating it with this solvent, there remained a slight 
amount of insoluble brown gum, possessing some activity, which was removed by filtration 
through a sintered glass funnel. The resulting clear, amber-colored fluid contained about 90 
per cent of the activity. 

Addition of seven volumes of acetone to the filtrate gave a yellow, flocculent precipitate 
containing all of the activitj'. After decanting the supernatant the precipitate was dissolved 
in a minimal amormt of chloroform and one and one-half volumes of acetone was added. A 
light flocculent precipitate separated out. This contained 80 per cent of the activit}-. A mod- 
erate amount of dark brown impurity remained in the supernatant soluble portion, which was 
decanted after centrifugation. The precipitate was redissolved in a minimal amount of chloro- 
form and reprecipitated with one and one-half volumes of acetone. It dried to an amber- 
color^ solid which slowly dissolved in water to give a ropy solution. The activdt}- of this 
solution was approximately 0.3 unit per gamma. It contained lipid, as evidenced by the 
appearance after a short period of hydrolysis of an add-insoluble, ether- and alkali-soluble oil. 
There was very little of this lipid however, and no substance possessing activ-ity could be ex- 
tracted from the untreated, aqueous solution, on shaking with ether. 
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The marked difference in chloroform solubility between the inhibitor solution 
obtained by the first and second of the methods described was of some interest, 
since it presented the possibility that two dilTcrcnt substances were involved. 
However, it was found that the chloroform-soluble inhibitor could be converted 
into the chloroform-insoluble form bj' freezing and thawing an aqueous solution 
in the presence of ether and a high partial pressure of carbon dioxide. Without 
this last the conversion was not effected. It was also found that ether extrac- 
tion of the thoroughly dried material for 5 or 6 days at room temperature was 
partially effective in converting the powder to the chloroform-insoluble form. 
It seems likely that there was a lipid complex involved, the dissociation of which 
was subject to a pH effect. This possibility was supported by one experiment 
in which it was found that conversion of the chloroform-soluble active material 
to the chloroform-insoluble form had occurred after evaporation of a small 
amount of the former to diyness by means of a stream of CO 2 . The point, how- 
ever, has not been thoroughly investigated. 

Conversion of the Chloroform-Sohillc io the Insoluble Form . — A 0.390 gm. sample of chloro- 
form-soluble powder containing 125,000 units of activity was dissolved in 10 ml. of water and 
shaken with an approximately equal volume of ether. No color went into the ether solution. 
The mixture was frozen and tliawed under the conditions noted above. On shaking after each 
tliaw the ether layer was seen to become increasingly colored. Following tlie si.xth thaw the 
ether was siphoned off and. the water layer was repeatedly extracted with portions of ether un- 
til no more color went into the ether layer. At tliis point the water laj'cr was faintly straw- 
colored. The water was removed by lyophilization, the residue was extracted with ether, 
chloroform, and petroleum ether, and dried, providing an almost white powder. On resus- 
pending in 4 ml. of water, this powder went slowly into solution after swelling into Jelly-like 
particles. A small amount of water-insoluble material was separated by centrifugation. The 
clear viscous supernatant had a solid content of 12.0 mg. per ml., and had an activity of 2.5 
units per gamma against both mumps and PRS viruses. 

The nitrogen content of this material, determined by a micro modification of the Ncssler 
method (10) was 2.6 per cent. It gave a positive ninhydrin test. There was no inactiva- 
tion on prolonged shaking with chloroform. A quantitative determination showed no glu- 
cosamine to be present.’ Further information on the nature of the nitrogenous component 
will await the preparation of more material. There was no detectable phosphorous present 
in a 100 gamma sample. 

The material contained carbohydrate as evidenced by the presence of a posi- 
tive Molisch test. The quantitative orcinol test for pentoses (11) and the 
Disclic test (12) for uronic acids were completely negative when assayed on 100 
gamma samples. Under the conditions used 10 gamma control samples of 
xjlose and Type III pneumococcus polysaccharide showed definite color. The 
unlij'drolyzcd material gave a reducing value of 1 per cent (as glucose) by the 
Malmros modification of the Folin-Wu method for glucose (13). On h5'-drolysi3 

’ This determination was kindly performed by Mr. Cava through tlie courtesy of Dr. Karl 
Meyer of Columbia University. 
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the reducing su^r, determined as glucose equivalents, was found to be 4S per 
cent. The ma.ximum reducing value on hydrolysis with 2 N HCl was found to 
occur in 1 hour, after which time it slowly decreased. The inliibitor is c.v- 
tremely labile to acid hydrolysis, being completely inactivated by treatment 
with 0.1 N HCl for 5 minutes and 75 percent inaclb-atcd by O.COl n HCl for 10 
minutes in a boiling water bath. Onc-tliousandth normal NaOH at 100°C. for 
10 minutes caused no loss of activity. A slight amount of insoluble material 
appeared on acid hydrolysis but the nature of this has not yet been investigated. 
A 1 per cent solution showed no measurable optical activity in a 1 dm, tube. 
This preparation w’as completely sedimentable in tlie analytical ultracentri- 
fuge but showed no sharp peak, beha\dng as a polydisperse material with a 
minirviiiTn sedimentation constant of about 20. This bears out the pre\'iously 
described results obtained with material in which it was indicated (but not 
clearly demonstrated) that the active component of this impure preparation 
was in the most rapidly sedimentable fraction. 

These purified inhibitor solutions were readily inactivated by ^'irus. In one 
experiment, 12,000 units of inhibitor were inactivated b^' 300 hemagglutinating 
units of PR8 virus in 16 hours at room temperature with recovery of 30 per cent 
of the activity of the virus. In the absence of the xirus the inhibitor proved 
stable in watery solution at room temperature. 

DISCUSSION 

From the above data it is probable that the water-soluble, chloroform-insolu- 
ble inhibitor is pol 3 'saccharide in nature. This is not surprising, espedalJy 
when considered in connection with the pre\iously mentioned findings of 
Horsfall, Woolley, and the still earlier reports of the inhibitory effects of poly- 
saccharides on bacteriophage (14) and on plant viruses (15). IWiether or not 
it is a comple.x protein or lipopolysaccharide it is impossible to say until further 
information is available on the state of purity of the active inhibitor and the 
chemical natine of its structural components. It is evident that the chloro- 
form-soluble form of the inhibitor is associated with the presence of lipid mate- 
rial. The conditions under w’hich the lipid can be separated from the chloro- 
form-soluble active material indicate the possibility of a complex consisting of 
lipid and water-soluble, chloroform-insoluble inhibitor. There are, of course, 
many known types of lipoprotein and lipopolysaccharide complexes, and the 
nature and stability of the binding forces of these complexes show wide varia- 
tion. It is possible that the active ether- and chloroform-soluble substance 
represents material that is less degraded than the water-soluble inhibitor, and it 
niight, therefore, be a closer approximation to the natural state of the receptor 
as it exists in the red cell. On the other hand, the possibility exists that the 
association of lipid and inhibitor, responsible for the chloroform solubility of the 
latter, is merely an artifact caused by the method of preparation. Further in- 
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vestigations should reveal more precise]}^ the nature and ciiaractcristics of tlie 
material under consideration. 

It is of interest that our inhibitor is more active in preventing liemagglutina- 
tion than any of the numerouspolysaccharides from various sources and the other 
materials tried by Woolley. His most active preparations gave almost com- 
plete inhibition of agglutination in concentrations of approximately 100 gamma 
per ml. In a roughly comparable test our most active material gave complete 
inhibition, that is “O or trace” of agglutination by Woolley’s criteria, in a con- 
centration of 1.1 gamma per ml. 

Friedewald and collaborators also described the preparation of inhibitor in 
high titer by a saline extraction of human red cells. In some e.vperimcnts on 
specificity of inhibition, and elution of virus from inhibitor, they obtained data 
similar to our results already described (1), They also arrived at the conclusion 
that the active material in the extracts represented the receptor substance of 
the red cell. Their active extracts were prepared by lysing red cells in a Waring 
blendor followed by centrifugation of the mixture at 3,000 r.p.m. It would be 
of interest to know whether these extracts represent a soluble inhibitor or a 
suspension of finely divided stroma (clinin). In our experience elinin prepared 
by hemolysis of red cells remained suspended, with retention of inliibitor activ- 
ity, after centrifugation at 3,000 r.p.m. at pH 7.0; but it w'as sedimented at 
18,000 R.P.M. for 20 minutes to the extent of 90 per cent as estimated by the 
disappearance of inhibitor activity in the supernatant. 

Friedewald and collaborators describe the preparation of active extracts from 
various animal and human tissues, and raise the question as to the identity of 
tissue and red cell inhibitor. In this connection it is of interest that although 
we have been able to obtain from human lung an ether-soluble inhibitor, we 
have not been able to find similar material in human liver, kidney, or serum. 
This and A^arious otlier biological properties of the inhibitor substances are 
under investigation. 


SUMMARY 

Metliods have been described for the extraction and purification of an agent 
inhibiting tire hemagglutination of red cells by influenza (PR8) and mumps 
viruses. Human red cells hai'c served as the chief source of tlie inhibitor but 
the latter has also been found in human lung. 

The active extracts haA-e been purified to the extent tliat 0.1 gamma of mate- 
rial suffices to inhibit one hemagglutinating dose of Adrus. Incomplete chemical 
characterization of tlie most higlily purified fractions available indicates the 
presence of 2.6 per cent nitrogen, at least 50 per cent of polysaccharide, and no 
phosphorus. In the ultracentrifuge the purified preparation behaA’^es as a poly- 
disperse macromolecular substance. 

The active material can be obtained from red cell stroma in an ether- and 
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chloroform-soluble form which, on further treatment, can be converted into 
chloroform-insoluble material. It is possible that the former represents more 
closely the ^^rus receptor as it e-vists in the red cell. 

The purified inhibitor is inactivated on incubation with the virus at 37°C. 
The nature of this effect is being investigated. 

We are indebted to Miss P. M. Becker and Mr. Charles C. Gordon for ultracentrifugc 
analj-ses which were performed through the kindness of Dr. J. L. Onclcy and in his laboratory. 

BIBLIOGRAPHY 

1. Bov’amick, M., and deBurgh, P. M., Science, 1947, 105, S50. 

2. EQrst, G. K., Science, 1941, 94, 22. 

3. Friedewald, tV. F., Miller, E. S,, and Whatley, L. R., /. Exp. Med., 1947, 86, 65. 

4. Horsfall, F. L., Jr., and McCarty, M., J. Exp. Med., 1947, 85, 623. 

5. Green, R. H., and Woolley, D. W., J. Exp. Med., 1947, 86, 55. 

6. Salk, J. E., J. Immunol., 1944, 49, 87. 

7. Jorpes, E., Biochem. J., 1932, 26, 1488. 

S. Calvin, M., Evans, R. S., Behrendt, V., and Cah-in, G., Proc. Soc. Exp. Biol, and 
Med., 1946, 61, 416. 

9. McFarlane, A. S., Nature, 1942, 149, 439. 

10. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometric Methods, Min- 

neapolis, Burgess Publishing Co., 103. 

11. Mejbaum, W., Z. physiol. Chem., 1939, 258, 117. 

12. Dische, Z.* J. Biol. Chem., 1947, 167, 189. 

13. Folin, 0., and Malmros, H., J. Biol. Chem., 1929, 83, 115. 

14. Burnet, F. M., McCrea, J. F., and Stone, J. D., Brit. J. Exp. Path., 1946, 27, 228. 

15. Takahashi, W. N., Science, 1946, 104, 377. 




STUDIES ON ENDEMIC PNEUMONIA OF THE ALBINO RAT 

TTT . Carriage of the Virus-Like Agent by Young Rats and in Relation 

TO Susceptibility 
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Medical Research, Princeton, N. J.) 

(Received for publication, June 27, 1947) 

The presence of a virus-like agent in the lung of adult albino rats naturally 
infected with endemic pneumonia has already been reported from this labor- 
atory (1, 2). The activit}' of the agent was first demonstrated experimentally 
by nasal transfer to mice, in which an inflammation of the respiratory tract and 
middle ears was produced. In attempting to reestablish the agent in the rat 
certain difficulties were met which led to the study, here presented, of its car- 
riage by the rat at different age levels. 

Materials and Methods 

Albino rats from the selected colony maintained at the Rockefeller Institute in Princeton 
were used exclusively in this work (3). These rats are free from infectious catarrh and pleuro- 
pneumonia but show a high rate of endemic pneumonia as they reach maturity. The mice 
were also from a Princeton colony in which there is practically no respiratory disease. Young 
animals 4 to 5 weeks old, weighing 15 to 18 gm., v.-ere employed. Their age was not a signifi- 
cant factor, earlier work having indicated that immature mice were as susceptible as adults. 
Lung suspensions from both animals were prepared in a concentration of approximately 10 per 
cent in saline or buSered saline using a glass tissue grinder. All nasal injections were made 
with a sjTinge in animals previously anesthetized with ether. The volume of the inoculum 
was generally 0.05 cc. in mice and 0.1 cc. in rats. At the end of the observation period the 
mice were killed with ether and decapitated. At autopsy the lung was removed aseptically 
in a Petri dish and examined under a low power dissecting microscope for areas of consolida- 
tion. The middle ears and nasal passages were opened and inspected in all rats and in mice 
which showed no pneumonia. Unless otherwise stated the inters'al between nasal injection 
and autopsy was 4 weeks. 

Transmission Experhnents in the Rat 

Young rats were used in the transmission tests, the choice being based in part 
on an assumed susceptibilit)’- and in part onMihe low natural rate of pneumonia. 
In our colony approximately 10 per cent of the imm ature animals show pneu- 
monic foci in the lung at autopsy. However, the initial experiments in which 
pneumonic lung suspensions from adult rats were empIo 3 ^ed indicated a re- 
fractory tendency on the part of many young rats. As shown in Table I, the 
incidence of pneumonia in 2 to 3 months old rats 4 weeks after nasal injection 
was not significantly higher than in uninjected rats of the same age, 12 as com- 
il 
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pared with 10 per cent (1). In contrast, the observed incidence in mice in- 
jected with the same suspensions and killed 4 weeks later was 100 per cent. 

It was largely because of the refractory state of young rats that white mice 
were chosen as alternative hosts. Having shown that pneumonic lung sus- 
pensions from adult rats regularly produced a disease of the respiratory tract in 
mice, it became particularly important to reattempt the establishment of the 
virus-like agent in the rat as bearing on its causal relation to endemic pneu- 
monia. There was a possibility, moreover, that lung suspensions from the 
mouse would prove more favorable than rat suspensions by reason of enhanced 
virulence induced by passage. 

Accordingly a second series of transmission tests was begun in the rat, using 
lung suspensions from experimentally infected mice. The results of these 
tests employing 2, 3, and 6 months old rats are summarized in Table II. The 

TABLE I 


Res7jlls oj the Nasal Ifijcctioii of Young Rais and Mice loith Pneumonic Lung Suspensionsfrom 

Adult Rats 


No. of adult rat 

Age of adult rat 

No. of yoiiDR rats 
injected 

1 

No. with pneu- 
monia at autopsy 

No. of mice 
inj’cctcd 

No. with pneu- 
monia at autopsy 

1 

inos, 

14 

I 

i 

5 

0 

3 

3 

2 

14 

5 

0 

1 ^ 

3 

3 

13 

5 

2 

5 

5 

4 

12 

5 

1 

5 

5 

5 

14 

5 

0 

1 ^ 

5 


five rats used in each experiment were usually litter mates whicli had been kept 
together in the same cage since they were weaned. The initial injections were 
made in 2 months old rats which were killed and autopsied 4 weeks later. 
The pneumonia rate being low, tlie interval between injection and autopsy was 
subsequently lengthened to 2 months but with no significant change in tlie 
findings. The over-all incidence of pneumonia for tlie 25 rats in this age group, 
which were held for a period of 1 to 2 months, was 16 per cent. 

An identical rate was obtained for the 25 rats which were 3 months old at the 
time of injection. Here again, increasing the interval between injection and 
autopsy had no appreciable effect. / The rats in the third age group, which were 
6 months old when injected, and then were held for 2 to 3 months, showed a 
marked increase in the incidence of pneumonia, the over-all rate being 84 per 
cent. All of the suspensions used in these e.xperiments were simultaneously 
tested in mice and were uniformly infective. 

One additional transmission e.xperiment was made with two groups of five 
recently weaned rats, approximately 3 weeks old. They were killed 4 weeks 
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after the nasal injection of an active mouse lung suspension and showed no 
pneumonia at autops)^ 

It was evident from the combined results of the transmission tests that young 
rats throughout the 3rd month were essentially as refractojy to the virus-like 
agent passaged in mice as they were to that recovered directly from rats. The 
high rate of pneumonia obsen'cd in the 6 months old rats can hardly be re- 
garded as e\’idence that the injected agent was the initiating factor, as a cor- 
respondingly high rate may occur in the same number of uninjected rats of the 
same age, 

TABLE II 


Results of the Nasal injedion of Rats vilh Pneumonic Lang Suspensions from Mice 


ggg 

A^e of rat when 
injected 

Ko. ol rats injected 

Interval between 
iojectioa and autopsy 

No. of rots urith 
pQeumO!u& totops 7 




nos. 




5 

1 

1 


2 ^ 

5 

1 

0 

1 

5 

1 

0 



5 

2 

1 



i ^ 

2 

2 



5 

1 

1 



. 5 

2 

0 

2 

3 

5 

2 

2 



5 

2 

0 



5 

2 

1 



4 

2 

4 



5 

2 

2 

3 

6 

5 

2 

5 



5 

3 

5 



6 

3 

S 


Deleclion of tlte Virus-Like Agent in Voting Rats 
Following Nasal Instillation 

In attempting to account for the insusceptibility of the young rat attention 
was first directed towards the fate of the experimentally introduced agent. ' 
The lungs from the two groups of recently weaned rats above mentioned, ten 
in all, which were uniformly normal at autopsy, presented suitable material 
for this determination. A composite suspension made from the lungs of each 
group of five was injected intranasally in mice. All of the injected mirp showed 
pneumonia at autopsy, indicating that a detectable concentration of active 
^^rus-like agent was present in the seemingly normal rat lung through the 
4th week after nasal instillation. 
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Carriage of the Virus-Like Agent by Uninjcclcd Rats 

The preceding experiment ha\''ing indicated that the virus-like agent was 
detectable in the lung of young rats after injection, it was essential to determine 
whether it was acquired as a result of tliis procedure or existed as a result of 
natural transmission. It was looked for in the lungs of normal rats removed 
directly from the breeding colony. The first test was made with three recently 
weaned rats which apparently were not harboring the agent. A composite lung 
suspension from the three rats did not produce pneumonia on nasal transfer to 
mice. A subsequent experiment with five 2 weeks old unweaned rats likewise 
failed to show the presence of the agent in the lung. Three later tests with 4 
weeks old rats proved conclusively, however, that the young rat was a potential 
carrier of the virus-like agent. Composite lung suspensions from each of the 
three groups of five rats uniformly produced pneumonia on transfer to mice. 

The real clue to the situation which existed in the breeding colony finally came 
through the injection of nasal washings from young rats. In all of the pre- 
ceding experiments involving immature animals attention had been paid to the 
nasal passages and middle ears, in addition to the lungs, with normal findings; 
there was no exudate in the nasal passages and the small amount of material 
removed by aspiration showed no polymorphonuclear leucocytes microscop- 
ically. Nasal washings from the 2 weeks old rats which failed to show the 
virus-like agent in the lung did, however, produce pneumonia on transfer to 
mice. It was thus indicated that the agent was present in the upper respiratory 
tract at an early age and the findings suggested that it was acquired by parental 
contact. 

A series of detailed e.xperiments was subsequently made to determine the 
frequency of carriage by young rats at different age levels and the means by 
which the virus-like agent was conveyed to them. 

In these experiments the offspring of female rats from the selected breeding colony were 
used. The latter were young breeders, 6 to 7 months old, and in their first or second preg- 
nancy. The environmental conditions under which tlie young rats were reared simulated the 
natural state of affairs in the breeding colony. The only real departure was the isolation of 
the mother rat, either prior to parturition or not later than 24 hours thereafter. Ordinarily 
the young are bom in tlie breeding cage which houses four females and one male and thus 
are exposed to a group of adult animals until weaned. 

Each litter of newborn rats was divided into two groups which were tested at different 
intervals, one group during the suckling period and the other subsequent to it. Most of the 
young rats in the second group were left in contact with tlicir mothers until they were killed. 

In the earlier work with endemic pneumonia the diagnosis of nasal inflammation was based 
on the demonstration of a definite mucopurulent exudate by aspiration witli a capillary pipette. 
Microscopic examination of nasal washings was not carried out in the absence of exudate. In 
the present series the nasal passages of both young and adult rats were washed with a small 
amoung of saline, usually 0.5 cc., and the resulting Washings examined microscopically after 
Gram staining. 

The entire lung from each rat, save for several small pieces removed for sectioning, was 
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ground and suspended in sufficient saline solution to make a concentration of about 10 per 
cent. The lung and nasal suspensions were each injected intranasaliy in three or five mice. 
These injections were made within 2 hours of the time the suspensions were prepared. 

The sk female breeders examined in these e.vperiments varied in age from 7 
to 10 months when killed. At autopsy all of them showed pneumonic foci in the 
lung. The middle ears were normal. A copious nasal c.xudate was present in 
only one rat, the other five rats yielding small amounts of rather thick material 
which ordinarily would not be considered e.xudative in nature. Many poly- 
morphonuclear leucocj’tes were present, however, in stained films of nasal 
washings from each of the six rats. Intracellular granules suggestive of cocco- 
bacilliform bodies or pleuropneumonia-like organisms were absent. 

It is probable that our examination of the lung is somewhat more searching than that com- 
monly made. Only one of the six rats showed a lung lesion large enough to be clearly definable 
macroscopically. In the other five rats the diagnosis of pneumonia was based on the presence 
of minute discrete areas, rounded and gray, on the surface of the lung. They were barely 
visible to the unaided eye, if few in number, and were best seen with the aid of a dissecting 
microscope by which means they were unmistakable. These areas varied in number and 
distribution from rat to rat and from lobe to lobe but if sufficiently numerous gave the lung 
a characterisUc spotted appearance. 

Presence of the \drus-like agent in the lung and nasal passages of the six 
mother rats was indicated by the invariable production of pneumonia on nasal 
transfer of the respective suspensions to mice. The data obtained from the 
offspring of the six breeders naturally infected with endemic pneumonia are 
presented in Table m. The virus-like agent was demonstrable in the respir- 
atory tract of indi\ddual rats from all of the six litters. 

Five rats killed within 1 day of birth failed to j-ield the agent from either the lung or the 
nasal passages, but it was detectable at both situations in the corresponding litter mates killed 
after weaning, save in one instance in which it was present only in the nasal passages. The 
specific agent was first demonstrable in very young rats on the 5th day after birth, being re- 
covered from the nasal passages of a single animal out of three tested. After 7 da>-s it was 
recovered from the nasal passages but not the lung of three of the sis rats examined. In both 
these age groups the agent was later detectable in the lung of the corresponding Utter mates. 
It was recovered from the nasal passages of each of three rats killed on the 19th das', just prior 
to weaning, and from the lung of two. The three litter mates killed after weaning harbored 
the agent in both the lung and the nasal passages. 

None of the 33 young rats included in the six Utters showed either macroscopic or micro- 
scopic evidence of pneumonia at autopsy. Infiammation of the upper respiratory tract, 
indicated by the presence of many polymorphonuclear leucocytes in the nasal washings, was 
observed in three rats from different Utters killed after weaning. The middle ears, exacted 
only in rats killed immediately before or after weaning, were uniformly normal. 

The experiment indicated that the xnrus-like agent was acquired by the 
albino rat at an early age and that it was introduced by way of the upper respir- 
atory tract. The specific agent was demonstrable in the nasal passages as 
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early as the 5th day of life but was only later recoverable from the lung. Ad- 
vantage was taken of this obsen^tion in a supplementary experiment in which 
only nasal washings were used from rats killed within 1 day of birth, and only 
lung suspensions from their litter mates killed after weaning. 


TABLE III 

The Foldings in Young Rats al Dijferent Age Levels 



Group 1 

Group 2 

No. of litter 


Interval 

Transfer of 

Transfer 


Interval ] 

Transfer of 

Transfer 


No. of 

between 

nasal 

of lung 

No. of 

between 

nasal 

of lung 


rat 

birth and 

washings 

suspension 

rat 

birth and 

washings 

suspension 



autopsy 

to mice 

to mice 


autopsy 

to mice 

to mice 



days 




days 






* 

— 

4 

33 

— 

-k 

1 


1 

— 

— 

5 



+ 




— 

— 





2 


i 

1 

— 

— 

3 

35 

-k 

+ 






4 


+ 



1 

} 1 


+ 


4 


+ 

1 ^ 

3 


5 

— 

— 

5 

34 

-k 

-k 




— 

1 

6 


-k 

-k 

] 

1 i 


— 

— 1 

4 



+ 

4 

2 

7 

— 

— 

5 

33 

-k 

-k 


3 


— 

— 

6 i 





1 



i 

1 

4 


-k 

+ 

S 

2 

7 

-k 

— i 

5 

42 

+ 

-k 


3 


+ 

* 

6 


-k 

-k 


1 


+ 

+ 

4 


+ 


6 

2 

19 

-k 

-k 

5 

41 

+ 

O- 

1 


3 


^ -k 

— 

6 


-k 

-k 


* In Tables III, IV, and V, -f- indicates involvement of the lung and/or the middle cars of 
the injected mice; — indicates that the mice were normal. 


Three female breeders, 6, 8, and 6 months old respectively when their litters 
were bom, were used in tliis experiment. Each of them showed pneumonic foci 
of the minute discrete type in the lung at autopsy and many polymorphonuclear 
leucocytes in the nasal washings. Their middle ears were normal. The results 
of tire examination of their young are given in Table The virus-like agent 
was not recovered from the nasal passages of the 14 young rats killed within 
a day of their birth. It was demonstrable, however, in the lung of seven of the 
ten corresponding litter mates killed after weaning. The lungs, middle ears 
and nasal passages of these rats were uniformly normal at autopsy. 
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One additional transmission test is included since it illustrates the variability 
which may occur in litters tested shortly after the weanmg date. In this ex- 
periment a 6 months old female breeder and her six young were isolated within 
a day of parturition. Twenty-five days later the mother and all of her off- 
spring were killed. The results of the transmission test in which five mice were 
injected with each suspension are given in Table V. The virus-like agent was 
present in both the nasal passages and lungs of three of the young rats. It was 
present only in the nasal passages of one rat and only in the lung of another. 

TABLE IV 


The Findinzs on Partial Esaminalum of Young Rah at Different Age Levels 



Group 1 

Group 2 

Ko. of Httcr 

Ko. of taU 
us«d 

Inlorval 
between 
birth and 
autopsy 

Transfer of na^l 
trashing to mice 

No. of cats 
used 

Interval 
b« tween 
birth and 
autopsy 

i 

Transfer of Jang 
suspension to mice 



dey 



6ayt 


7 

6 

1 

6 - 

2 

35 

2 + 

8 

3 

1 

3 - 

3 

21 

2 -f 

9 

5 

1 

5 - 

5 

21 

3 


TABLE V 


Results of the Examination of Recently Weaned Rots and Their ilothex 


Ko. of flniPtal 

Transfer of nasal Trashing 
to mice 

Transfer of lung suspension 
to mice 

Adult rat 10 

-U 

+ 

Young rat 1 

+ 

— 

f( i< 2 


4“ 

« « 3 

-f 

-1. 

it tt ^ 


+ 

“ “ 5 

— 

4" 

“ “ 6 

— 

— 


It was not demonstrable in either the nasal passages or the lung of one animal 
the first uninfected rat observed of the 38 weaned young which were fully 
tested. 


Tiler of ilte Virus-Like Agent in the Lungs of Young and Adult Rats 

Having shown that the virus-like agent was recoverable from the lungs of 
adult rats in the presence of pneumonic lesions and from young rats in the 
absence of any apparent pulmonary alteration, it was important to determine 
the titers in animals of the two sorts. Titration of the agent in young rats was 
subject to the chance utilization of an infected animal as there was no way of 
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determining beforehand whether or not infection had occurred. As a matter 
of record the first test was made with a suspension from a 3 weeks old rat, the 
only one of a group of three which failed to show the agent in the lung. 

In these tests the entire lung was removed ascpUcnlly, wcigiicd, and after suspending in 
saline solution with a glass tissue grinder, diluted to a concentration of 5 per cent. Subse- 
quent tenfold dilutions were then made with saline. The volume of inoculum was 0.05 cc. 
wliich was included in the final dilution figure. Five mice were injected intranasally with 
each dilution ranging from 10”* through 10"L They were hilled a month later. 

The maximum dilutions of the normal lung tissue of two young rats which 
produced pneumonia or otitis media on intranasal injection in mice were 10"* 
and 10~® respectively. Both of these rats were 3 weeks old when killed and were 
from two different litters. The titers of the agent in the pneumonic lungs of 
two adult rats, 12 and 14 months old, were 10“® and 10“® respectively. 

DISCUSSION 

The detailed examination of entire litters and the female rats which had 
reared them gave evidence tliat the virus-like agent was readily transmissible 
by direct contact and was probably passed from motlier to young by way of tlie 
upper air passages during the suckling period. In spite of the high rate of 
infection in young rats comparatively few of them showed any pulmonary or 
nasal lesions at autopsy. The virus-like agent recovered from these animals in 
the absence of lesions was fully as active on transfer to mice as that from adult 
rats with pneumonia and rhinitis. The limited titrations that were made 
indicated that the amount of agent present was somewhat less in the immature 
animals. The difference in titer was not sufficiently great, however, to account 
for the inactivity of the agent in the young rat. It seems probable that some 
factor is operative in the young rat during its growth period which checks tlie 
activity of the agent without greatly retarding its multiplication. It is possible, 
though not proved, that tlie young rat acquires a specific protective element by 
direct or indirect maternal transfer. 

The equilibrium which is apparently established between the rat and the 
virus-like agent is such that it assures the perpetuation of both, e.xemplifying a 
relationship discussed in detail by Theobald Smitli (4) and by Burnet (5). 
The agent is acquired b}'' the rat shortly after birth and thereafter is evidently 
harbored in the respiratory tract throughout the entire life span of the host. 
If the agent is procured from the rat and transferred to the mouse it produces a 
well defined reaction within a period of several weeks and may cause death. In 
the rat, however, the agent commonly resides in the lung and nasal passages for 
a period of montlis without producing a detectable pathologic change. Even 
in adult rats the reaction associated with it is generally of a low order and so 
well tolerated that it is usually recognized only at autopsy. The slight damage 
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done by parasite to host is matched by the inability of the latter to rid itself of 
the parasite. Thc_ long continued residence of tlie agent in the rat affords 
ample opportunity for its maintenance and spread within the colony. Its 
a\-ailability for dissemination is shown by the present work and intimated by 
the seemingly universal distribution of pneumonia in the albino rat. 

The prevalence of natural infection offers an explanation for the failure to 
establish the virus-like agent in young rats by e.xperimental means. It would 
seem that the experiments had the effect merely of introducing an additional 
increment of the agent which the young rat was prepared to hold in check. The 
situation encountered in the selected colony reemphasizes the importance of 
disease-free populations for the study of infectious disease in general and of rat 
pneumonia in particular. 


StJiniASY 

An attempt was made to reestablish the virus-like agent associated with rat 
pneumonia by the nasal instillation of the infectious material into supposedly 
normal young rats from the selected Princeton colony. The incidence of the 
pneumonia in these animals after the injection of suspensions of pneumonic 
lungs from either rats or mice was not significantly greater than the incidence 
under natural conditions. 

In attemptmg to account for the refractory state of the immature rats it was 
found that the agent was widely dispersed through the breeding colony at an 
early age. Detailed tests of many litters indicated that the agent was acquired 
shortly after birth by way of the upper air passages as the result of maternal 
contact. In most instances it was so well tolerated by young rats during the 
suckling period and for several months thereafter that its presence was recog- 
nized only by nasal transfer to mice. 

There is every indication that the rate of infection of rats in the breeding 
colony approaches 100 per cent by the time the animals are old enough to be 
used experimentally. 
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During the past decade much attention has been directed toward the recovery 
ot poliomyelitis virus from the intestinal tract of indirnduals afflicted witli 
the disease. In addition, various workers have reported tlie isolation of virus 
from apparently healthy persons who were associated, in different degrees of 
intimacy, with actual cases (1-14) . The results of these studies are presented in 
Table I where it will be seen that of 494 so called contacts, 116, or 23 per cent 
were excreting virus in their intestinal discharges at the time of testing. It must 
be emphasized that most of the above attempts at isolation were made from 
single specimens obtained from the individuals several days to several weeks 
following exposure to a case. The number of individuals positive for virus 
might have been greater because stool specimens in three of the studies were 
pooled for testing and more than one individual in some pools might have 
been carrying virus. Some of the individuals whose stools contained virus 
suffered minor illnesses which may have been abortive attacks of the disease. 
Of the associates studied, 277 were identified as either children or adults. 
Among the children, 69 of 228 (30 per cent) were positive and 8 of 49 (16 per 
cent) of the adults harbored virus in their intestinal contents. 

Lepine and his coworkers (15) reported the successful isolation of virus from 
the child of a father afflicted with the disease, 41, 74, and 123 days after a mild 
affection which may have been abortive poliomyelitis. Ward and Sabin (7) 
foxmd xdrus in the stool of one sibling at 4 weeks but not at 9 and 13 weeks 
after a brother’s illness; and in the stool of another sibling at 4 and 9 weeks 
but not at 12 weeks. They considered the possibility that “these siblings 
might have been the carriers which ser\'ed as sources of infection.” Wenner 
and Casey (16) reported positive stools collected from a child 2 and 6 weeks 
following a poorly defined illness but not after 11 weeks. In studies of familial 
associates of frank cases in Fort Wortli, Texas, single specimens were found 
positive as late as 7 weeks after the onset of the diagnosed cases (10). 

The above examples are representative of the few studies in which repeated 
sampling of associates has been attempted. If the r61e of the familial associate 

* Aided by a grant from The National Foundation for Infantile Parah-sis,’ Inc. 
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as a healthy carrier or a possible source of infection is to be evaluated specimens 
should be obtained at frequent and regular intervals beginning as soon as 
possible from the onset of illness in the family. The present report describes 
the results of such a study. 


TABLE I 


Recovery of Poliomyelitis Virus from Stools of Associates 



Number positive 

NumberneEative 

1, Kramer, Gilliam, and Molncr (1939) 

6 

17 

2. Trask, Paul, and Vignec (1940) 

0 

■36 

3. Kessel, hloore, Stimpert, and Fisk (1941) 

1 

18 

4. Piszczek, Shaughnessj', Zichis, and Levinson (1941) 

8 

32 • 

5. McClure and Langmuir (1942) 

20 

7 

6. Howitt, Buss, and Shaffrath (1942) 

6 

25 

7. Ward and Sabin (1944) 

2 

6 

8. Brown, Francis, and Pearson (1945) 

5 

1 

9. Gear, Yeo, and Mundel (1945) 

2 

5 

10. Pearson, Brown, RendtorfI, Ridenour, and Francis (1945). . 

14* 

93 

11. Melnick, Horstmann, and Ward (1946) 

3* 

72 

12. Gear and Mundel (1940) 

7 

9 

13. Gordon, Schabel, Casey, Fishbein, and Abendroth (1947). . 

26 

22 

14. Pearson, Brown, and RendtorfI (unpublished) 

16* 

35 

Total 

116 

378 


Positive, per cent 

23 



* Specimens pooled — may be greater number positive. 


Collection of Materials 

Four families residing in Detroit or its environs were selected for study in 
Sept., 1946. Two criteria were required; first, tliat the family include at least 
two children other than the case; and second, that collections could be started 
within 3 days of onset of illness in a member of the famil}'.* 

Family I consisted of the parents, both 3S years old, and three clrildren, 3, 7, and 12 years. 
There was nothing unusual in the activity of the family e-veept for a motor trip tlirough Canada 
to Connecticut and back, from July 27 to Aug. 11. The child of 7 developed headache and 
fever on Sept. 4, was diagnosed as having bulbar poliom 3 'elitis on admission to the hospital 
the next da)», and died Sept. 7. It is of interest that an abscessed molar tooth had been 
extracted 5 daj-s prior to onset. The j'oungest brother, 3, had been feverish on Sept. 2; 
otherwise the family had been and were, in good health. 


* The original information concerning the date of onset of sj'mptoms and diagnosis was 
made available through the kind assistance of Dr. Franklin Top, Medical Director, and Dr. 
C. G. Jennings, both of Herman Kiefer Hospital, Detroit, Michigan. 
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Pharj-ngcal washings of gargled distilled water from the parents and the oldest boy and 
pharjargcal swabs from the younger child were obtained on Sept. 6, 9, 13, 20, 27, Oct. 4 and 
25, and Nov. 29.- < 

Stool specimens were collected Sept. S, 13, 20, 27, Oct. 4 and 25, and Nov. 29. No recog- 
nizable illness occurred in this family during the period of study. 

Fam:!y II consisted of the parents, 39 and 36 years old, and four children, 15, 12, 11, and 
6 years. The boy, 11, had headache and sore neck but no fever on Sept. 11. The ne.zt day 
nausea and vonuting occurred and on Sept. 13 typical signs of mild bulbar poliomyelitis were 
noted. He remained at the hospital during the time of the study. The father had a cold 
and headache on Sept 11 as did the brother, 15, 3 days later. A sister, 6, had a cold and 
“sore stomach” on Oct 4, 20 days after this last incident No other illness was obscr\-ed 
during the period of observation. 

Gurglings were obtained on Sept. 14, 16, 20, 27, Oct 4, 11, 25, and Nov. 29. Stools were 
collected Sept. 16, 20, 27, Oct. 4, 11, 25, and Nov. 29. 

Family III consisted of parents, 30 and 27 years, children 8 and 6 years, and their uncle, 
22, The father, 30, complained of headache, nausea and vomiting, and had an oral temper- 
ature of 101° on Sept 13, He was hospitalized on Sept 15 at which time both legs were par- 
alyzed. Ascending paralysis involving the diaphragm, intercostal muscles, and right arm 
necessitated his being placed in a respirator on Sept 17 where he remained throughout the 
period of study. The only other illness observed in the family was a severe headache and 
nausea e-xpeiienccd by the wife, Oct. II. 

PhaoTigeal washings were obtained Sept 16, 18, 20, 27, Oct. 4, 11, 25, and Nov. 29. Stool 
specimens were dated Sept 16-17, 20, 27-28, Oct 4, 11, 25, and Nov. 29 

Family IV consisted of parents, 45 and 44 ytars, and children 14 and 11. The father, 
45, e.\perienced nausea and vomiting on Sept 12, difnculty in swallowing the next day, and 
on Sept 14 a change in voice and other signs of bulbar poliomyelitis necessitated hospitali- 
zation where the illness progressed rapidly to death on Sept. 15. The daughter, 14, had com- 
plained of nausea and diarrhea on Sept 10, but seemed perfectly well the next day and her 
sjTnptorrs were attributed to the onset of menses. Nausea recurred with vomiting on Sept 
14 and she was confined to bed with sj-mptoms described as "psychological” as a result of 
extreme afiection for her deceased father. During this period she complained of not being 
able to walk although her phj-siedan could detect no muscular weakness. When this con- 
dirion persisted, she was admitted to the hospital for examination on Oct 2 at which time 
spasms of the hamstrings and left side of back, and weakness of left quadriceps and anterior 
tibialis were demonstrated. She remained in the hospital for 2 weeks and when discharged 
was emotionallj' better, even cheerful and happy, and without paralysis. 

The mother and the other ghild, a boy aged 11, had been well and remained so throughout 
the period of stud}'. 

Throat washings and stools were obtained on Sept. 16-18, 20, 27, Oct 4-5, 11-13, 24-27, 
and Nov. 29. * 


Testing of Materials 

All specimens were preserved in refrigerators with solid CO 2 until tested. 
Individual stool specimens were thawed, a portion ground with alundum, and 
suspended in physiological salt solution to approximately 10 per cent by weight. 
The material was agitated daily for 30 minutes on a shaking machine with 

* The results of virus studies on throat washings are not complete and will be published at 
a later date. Tests with specimens taken at the time of the first stool collection from all 
subjects have, however, been completed and the results have been uniformly negative. 
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20 per cent ether for 6 to 7 days, after whicli it was centrifuged at 3000 r.p.m. 
for 30 minutes in a horizontal centrifuge. The etlicr was removed by evap- 
oration under low pressure, and the spetimen was again centrifuged at 4500 
R.p.M. for 30 minutes. Both aerobic and anaerobic sterility tests were applied 
to each preparation and if no bacterial growth was observed the specimen was 
inoculated into a rhesus monkey. An initial intracerebral injection of 0.5 cc. 
into the vicinity of the thalamus was followed every 2 or 3 days by inocula- 
tions of 10 to 15 cc, intraperitoneally and 2 cc. intranasally until tlic specimen 
was exhausted. Daily temperatures were recorded and the animals observed 
for symptoms a maximum of 30 days. AU monkeys which developed paraly- 
sis were subjected to autopsy promptly and autopsy was performed at the end 
of 30 days on animals which had shown any suspicious signs such as elevated 
temperature, irritability, or ruffled fur. A diagnosis of poliomyelitis was 
made if sections of nervous tissue revealed typical changes including perivas- 
cular cuffing, leucocytic infiltration, neuronolysis, and neuronophagia. 

RESULTS 

The results of this study are presented in Table II. It will be seen that 
virus was isolated from the stools of seven of the nine children but from none 
of the seven adults, among the familial associates. The virus was present in 
the stools of five at the time of the first collection and in the remaining two 
4 days later; in all instances within 9 days of onset of recognized poliomyelitis 
in a member of the family. There was no consistent relationship between a 
history of illness and the presence of virus. In only one was illness clinically 
suggestive of poliomyelitis. Hence, the majority of those positive can be 
considered to represent inapparent or carrier infections. In three indi\’iduals 
(C.M., A.T., and M.A.), the presence of virus in the intestinal tract "was 
detected on each of five successive collections, covering periods of 25, 26, and 
36 days, respectively. Stools from an associate (K.M. in family I) yielded 
virus on the first, fourth, and fiftli collections but were negative during both 
the 2nd and 3rd weeks; second preparations were made from the negative stools 
and tested in new monkeys with the same results. This irregularity in the 
detection of the carrier state was observed in a member of family III (R.S.) 
whose stools were positive on the first and third collections but negative on 
the second. It is of interest that this second or negative specimen was collected 
only 3 days after the first, positive stool. Again, these specimens w'ere re- 
tested by processing the original stools and inoculating into new monkeys, 
with identical results. 

The stool of an associate in family II (R.T.) was negative on the first col- 
lection .but one collected 4 days later was positive. This was followed by four 
negative specimens. 

The seventh individual shown to be positive (N.A.) was carrying virus at 
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the time of the first and second collections but four successive specimens there- 
after were negative. This girl was probably an actual case of poliomyelitis 
but it is of interest that the muscle weakness was observed JoUowUig the two 
positive collections, and her intestinal excreta were negative for virus at the 
time of hospitalization. 


TiVBLE II 


Dcieciicn of Poliomyditis Virus in Slools of Familial Associates 


Fiinity 

Age 

Sept. 

Oct. 1 

Nm*. 

s 

13 

16-17 


27-23 

4-S 

ssa 


29 


yrs. 










I. R. M. (case) 

7 

(onset Sept. 4) 







F.M. 

3S 

o 

o 


o 

o 

o 


o 


M. M. 

38 

o 

o 


o 

o 

o 


o 


K. M. 

12 

• 

o, o 


o, o 


• 


o 

o 

C. M. 

3 

•, • 

• 


• 

If 

• 


o 

o 

U. J. T. (case) 

11 

(onset 

Sept. 1 

I) 




1 



A.T. 

39 



o 

o 

o 

i o 

0 

o 


M.T. 

36 



o 

o 

0 

o 

o 

o 


R. T. 

15 



o, o 

•,o 

o 

o 

o 

o 


J. T. 

12 



o i 

o 

o 

o 

o 

o 


A. T. 

6 



• 

•’ • 

• 

•’ • 1 

• 

o 

o 

ni. C. S, (case) 

30 

(onset 

; Sept. 1 

13) 


1 





F.S. 

27 



O 

o 

o 

o 

O i 

o 


E. S. 

22 



O 

O i 

o 


1 

1 

o 


R. S. 

8 



o, • 

o, o 

•, o 

o i 

o j 

o 


L. S. 

6 



o 

o 

o I 

O 1 

o 

1 

o 


IV. C. A. (case) 

45 

(onset 

t Sept. : 

13) 







E. A. 

44 



1 o 


o 

o 

o 

o 


N. A. 

14 



B 

n 

o 

o 

o 

o 


11. A. 

11 

■ 


m 

M 

m 

m 

n 

n 

o 


When two results are presented they represent separate tests with the original speciinen. 
O = negative 
• = positive 


DISCUSSION 

The presence of virus in a large percentage of healthy familial associates 
confirms obsen'ations published elsewhere. The persistence of this carrier 
state, however, has not been thoroughly demonstrated nor has the regularity 
with which virus may be isolated from successive weekly stool specimens. 
Three individuals were excreting virus consistently over a period of approxi- 
mately a month following the occurrence of poliomyelitis in the family and a 
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fourtli was shown to be positive for the same length of time except for a period 
of at least one week wlicn virus was not recovered. Tlic fact tJiat some carriers 
may apparently lose that capacity only to regain it is verified by the results 
witli another individual who was found positive on the first and third collections 
but negative on the second and from the fourth till the end of the study. This 
irregularity m the excretion of virus by carriers illustrates the difficulty of 
establishing the percentage of health}’^ individuals positive for virus when obser- 
vations are based on single specimens. It may also c.xplain certain differences 
in percentages reported by various investigators. 

It is of interest tliat liealthy carriers in this study were found to be positive 
for a period of time considerably longer than in the one probable non-paralytic 
case (N.A. in family I^0, whose stool was negative at tlic time of onset of 
muscle weakness. This is in keeping with an impression gained earlier in tin's 
laboratory that tlie well carrier maintains virus more consistently tlian the 
frank paralytic case of poliomyelitis. The question arises as to whether this 
individual developed poliomj’^elitis as a result of exposure to the healtliy carrier 
in her family or was otlier\vise exposed simultaneously with her father who 
succumbed to the infection. Evidence for the actual development of the 
carrier state from anotlier carrier is suggested in only one instance (R.T. in 
famity II) and even here it is not ind cated whetlier tlie significant exposure 
was to the carrier (A.T.), to the frank case in the family, or to a common source 
to whicli all three were related. The results as a whole point out tlic proba- 
bility of simultaneous infection of the family group, rather than serial trans- 
mission, a fact emphasized in other studies from tliis laboratory. 

It should be remarked tliat although single monke 3 ’^s were used for most of 
the specimens, the regidarity with which a person was citlrer positive or nega- 
tive week after Aveek speaks well for tlie efficacy of tliis metliod for detection 
of virus in stools. This was, moreover, a year in whicli vims was sharply 
effective in producing disease of monkeys. The several results whicli at first 
cast suspicions on tlie technique, i.c. individuals found positive then negative 
then positive, were verified by means of reworking the original specimens and 
inoculating new -monkeys. Of ten such specimens which were retested, iden- 
tical results were obtained with seven and the remaining three probably con- 
tained such small amounts of vims tliat isolation from a given sampling was 
chance. 

If approximately one-fifth of all tlie familial associates of a case of poliomye- 
litis are carriers, (23 per cent from Table I), and if eacli case has from five to 
ten associates, tlie number of silent carriers in a given population must be 
equal to, or at most, twice, the number of cases and not 10 or a 100 times tlie 
number as tlieoretically advanced by some individuals. And since most of 
these carriers will be found among the familial or close associates (8, 10, 13, 
and present report) and not among the population at random (10, 16, 17) 



G. C. BRO\\"N, T. TRAXaS, JR., AND J. AINSUE 


27 


it is increasingly evident that measures directed toward the control of infected 
individuals would be most profitably applied to families in which cases of the 
disease have been recognized. 

SUJEMARY AND CONCLUSIONS 

The occurrence and duration of the carrier stale in familial associates of 
recognized cases of poliomyelitis was studied by the examination for virus of 
stool specimens collected from the members of four families at regular inter- 
vals for a period of over 2 months. The results mdicate that: (1) virus may 
persist in their stools continuously for 4 to 5 weeks; (2) virus may be en- 
countered intermittentlj’’ in the stools; (3) in some instances virus may be 
present for brief periods only; (4) children are more likely to maintain virus 
than are adults in the same family; (5) infection of a family takes place rapidly, 
suggesting again simultaneous infection from a common source. 
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(Received for publication, September 15, 1947) 

From the kidneys and other organs of normal animals, an enzyme, hyper- 
tensinase, has been extracted (1). This enz>Tne has the ability to destroy the 
pressor substance, h 3 ’pertensin (2), probably a pol 3 T>eptide, which results from 
the action of the enzyme on the substrate h 3 ’pertensinogen, a globulin fraction 
in the blood plasma. Intestinal mucosa and kidney are the richest animal 
sources of this enzyme which is. also present in practically all other animal 
tissues (3). An enzyme, or group of enzymes, capable of inactivating hyper- 
tensin, has also been extracted from plants, for example mushrooms (4) and 
3 'east (5). 

The present communication deals with.an attempt to obtain a potent, non- 
toxic preparation of hypertensinase, the study of which might help to clarify 
the part pla 3 'ed by' this enzyme in the humoral mechanism of experimental 
renal hypertension. 

Methods 

During the search for a rich source of hypertensinase, intestinal mucosa, 
kidney, and plants of various kinds were extracted and compared and it was 
found that many plants are a much richer source thm animal tissues of enzyme 
activity like that of hypertensinase. Aqueous extracts of jackbean meal, 
brewer’s yeast, wheat, com, barley, oatmeal, garlic, onion, parsley, navy and 
lima beans, potatoes, lentils, soya beans, and peas contained variable amomts 
of hypertensmase but were toxic when injected intravenously into animals. 
Jackbean meal, for instance, proved to be a highly potent source of hyper- 
tensinase, but it was not possible to separate the hypertensinase from the urease, 
either by precipitation with neutral salts, acetone, or alcohol, by changes of pH, 
or by inactivation of the urease by oxidation. Cry’Stalline urease did not show 
any hypertensinase activity. 

During the course of these experiments it was found that the bran portion of 
the cereal grains contained the major part of the hypertensmase activity and 
that extract of wheat bran yielded a potent entyme solution which was rela- 
tively less toxic than the other plant extracts studied. Purification and con- 

* This study was supported by the L. D. Beaumont Trust Fund. 
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centration of the wheat bran extract were therefore undertaken and the results 
of this study arc given below. 

Method of Extraction and Purification of Hypertensinase Obtained from 

Wheat Bran 

Extraction . — 25 pounds of finely ground wheat bran was thoroughly mixed with 25 pounds 
of washed fine sand. The mixture was moistened with distilled water and thoroughly kneaded. 
Care was taken to break up all lumps and still maintain the material in a moist state, so that 
it could be poured. It was allowed to stand for 24 hours at 3-4°C.; then the mixture was 
poured into a large metal percolator f6) filled with cold distilled water. The next day the 
mixture n as allowed to percolate and the fluid was filtered through sand and cotton at the 
bottom of the percolator at a rate of 10 drops (about 0.05 cc.) per minute. The daily yield 
was kept in frozen state at — 35°C. Of this dark brown extract, 1 cc. usually contained 
about 100 units of hypertensinase, 1 unit being the amount capable of completely inactivating 
one unit of hypertensin. 

Purification . — During the entire process of purification the wheat bran proteins were 
maintained at a high concentration and the reagents were added slowly by capillary pipette. 
All procedures were carried out continuously at 1°C. and the conditions of pH and ionic 
strength indicated below were strictly controlled. 

Fi\ e liters of the original wheat bran extract, at pH 6.2, was diluted with an equal volume 
of distilled water. The pH was adjusted to 4.1 by dropwisc addition of 1 N HCl solution 
through a capillary pipette, wliilc the mixture was vigorously stirred. The resulting sus- 
pension was allowed to settle at 0°C., overnight, after which the major portion of the clear 
supernatant fluid was syphoned off. The remaining portion of the mixture was ccntrifugal- 
ized at O^C., the precipitate discarded, and the supernatant fluid combined with the first 
portion. This fluid was then adjusted to pH 6.0 bj' the addition of 1 N NaOH, again during 
vigorous stirring. To this solution was then added sufficient solid ammonium sulfate to 
produce a molarity of 3.0. The resulting precipitate was filtered in the cold, on large Buchner 
funnels, and the filtrate discarded. The precipitate was pressed, dissolved in SCO ml. of 
distilled water, and the resulting solution was enclosed in cellophane tubing and dialyzed in 
the cold against repeated changes of distilled water until free of sulfate ion. The precipitate 
which formed was separated by centrifugalization and discarded, and the supernatant fluid 
was further fractionated as follows: 4 m solution of ammonium sulfate was added gradually 
through a capillary pipette to bring the fluid to 1.5 M. The precipitate which formed was 
collected by filtration on a Buchner funnel, and discarded. The clear filtrate was then 
brought to 2.5 M by the addition of sufficient 4 m ammonium sulfate. The resulting pre- 
cipitate was also collected, by filtration, on a BQchncr funnel and the filtrate discarded. The 
precipitate, first pressed, then dissolved in 100 ml. of distilled water, was dialyzed against 
distilled water until free of sulfate. The dialysis was continued for 2 days. The euglobulin 
precipitate which formed was removed by centrifugalization and discarded. The clear 
supernatant fluid was fractionated a second time, as Follows: — 

The volume of 4 m ammonium sulfate required to bring the fluid to 1.5 M with respect to 
ammonium sulfate was calculated. The 4 M ammonium sulfate solution was then enclosed 
in a cellophane membrane and permitted to dialyze, with rotation, against tlie fluid, until 
equilibrium was reached. This took 48 hours. The resulting precipitate was collected on a 
Biidmer funnel and discarded. The clear filtrate was then brought up to 2.0 m by equilib- 
rium with the requisite amount of 4 m ammonium sulfate enclosed in a cellophane tube. 
Again a precipitate formed, and this was collected on a BUchner funnel, and the filtrate dis- 
carded. The precipitate was pressed, washed once with 2.0 M ammonium sulfate, dissolved 
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TABLE I 

Flow Diagram Rcpruenling the Purification of W heat Bran Eyperteniinase 

Wteat bran extract, + equal volume distilled water, mixture brought to pH 4.1 by 


addition of 1 N HCl. 


r . 

Supernatant 

i pH adjusted to 6.0, brought to 3.0 m ammonium sulfate 


— 1 

Precipitate 

(discarded) 

I ■■■■ 

1 

•Tredpitate 

i Redissolved in water, dialyzed against water 


i 

Filtrate 

(discarded) 

I 

Supernatant 

1 Brought lo 1.5 3i£ ammonium sulfate 


1 

Precipitate 

(discarded) 

1 

Filtrate 

! 

i i Brought to 2.5 it ammonium sulfate 


i 

Precipitate 

(discarded) 

i 

Predpitate 

1 Redissolved in water, dialyzed against water 


1 

Filtrate 

(discarded) 

1 

Supernatant 

i Brought to 1.5 u ammonium sulfate 


i 

Prec.pitate 

(discarded) 

1 

Filtrate 

1 Brought to 2.0 it ammonium sulfate 


1 

Prec.pitate 

(discarded) 

1 

Predpitate 

1 Dissolved in water, dialyzed against water 


1 

Filtrate 

(discarded) 

i ~ 

Supernatant 

i 

1 

pbrihed hyperteksikase 


1 

Precipitate 

(discarded) 


in 100 ml. of <hstil]ed water, and dialyzed free of sulfate ion against repeated changes of dis- 
tilled water, in the cold. The small amount of precipitate formed in the dialysis was removed 
by centrifugahzation and discarded. The supernatant fluid had only 24 per cent of the 
hypertensinase activity of the original wheat bran extract, but, on the basis of nitrogen 
content, v.as 15 times purer than the original extract. 
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All fractions were neutrab’zcd and rendered isotonic before they were tested for hyiicr- 
tensinase activity, as described below. 

Table I presents a flow diagram of the steps used in the purification of tlic h> 7 )crtcnsinasc. 

Eypcrlcusiitasc Assay 

Dilutions of the original preparation and of all fractions during the process of purification 
to be tested for hypertensinase activity rverc mixed with 1 cc. of physiological phosphate 
buffer at pH 7.8. To these mbcturcs 1 dog unit of hypertensin was added and the test tubes 
were incubated for 1 hour at 40°C. in a water batli. The reaction was stopped by pladng 
the test tubes in an ice bath at 0°C. A dog unit of hypertensin is the amount necessary to 
raise the direct mean blood pressure of an unanesthetized trained dog 30 mm. Hg. The 
maximum rise from a dose of this size is reached in about 1 minute and the return to normal 
occurs in another minute or two. The samples were warmed to body temperature before injec- 
tion into unancsthetized trained dogs. In these dogs, blood pressure deterrmnations were made 
by the direct method, a 20 gauge needle, attached to a mercury manometer, inserted into a 
femoral artery. The quantity of undiluted fluid with hypcrtensinasc-activity which com- 
pletely destroyed the vasoconstrictor effect of 1 dog imit of hypertensin at 40'’C. for 1 hour 
was considered to contain 1 unit of hypertensinase. Rabbits under the influence of nembutal, 
injected intravenously, also proved to be reliable test anim.als when 1 dog unit of hypertensin 
was used as the control test. In these animals the blood pressure was determined by means 
of a cannula, attached to a mercur)' manometer, inserted into a carotid artery. 

Properlies of Plant Hypertensinase 

This enzyme is a non-dialyzable pseudoglobulin. It is destroyed at 56°C.} 
or over, and remains active in a pH range of 3.9 to 9.5, at body temperature. 
Its optimum activity is at 40°C., and it is not appreciably active at 0°C. It is 
precipitable by neutral salts, but it is denatured by organic solvents, at room 
temperature, and at 0°C. 

Plant hypertensinase destroys the activity of hypertensin and pepsitensin (7) 
if incubated with them for 1 hour at 40°C., but it does not affect the activity of 
renin, adrenalin, or hydro.xj’tyramine. 

Experiments xvith Purified Plant Hypertensinase 

Intramuscular Injection. — Into a dog (No. 10-46), witli experimental renal 
hypertension and average direct mean femoral blood pressure of 220 mm. Hg, 
10 cc. of extract containing 6000 units of hypertensinase was injected intramus- 
cularly daily for 6 days. During this period there was no reduction of tlie 
blood pressure. It was thought tliat the hypertensinase, injected intramuscu- 
larly, might not have been absorbed. If hypertensinase is to act on hyper- 
tensin in tlie plasma, it must first be absorbed into the blood str^m. There- 
fore it was considered advisable to study tlie absorption of hypertensinase 
before further therapeutic e.xperiments witli hypertensinase were attempted. 

Absorption of Hypertensinase. — ^Absorption studies Avere made on dogs and 
rabbits. Concentrated extract containing 2000 units of hypertensinase was 
injected intramuscularly into rabbits and samples of the rabbit’s plasma w'ere 
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titrated for lij-pertensinase activity by tlic method described above. The 
hypertensinase activitj^ of the plasma did not show any increase. 

On the contrary', even 2 hours after the intravenous injection of 2000 units 
of hypertensinase into rabbits, a fivefold increase of the hypertensinase activity 
of the plasma was detected. After 6 hours, the level had returned to normal. 
In another experiment a total of 7350 units of hypertensinase was injected 
intravenously’’ into a rabbit. After 90 minutes, the rabbit’s plasma still showed 
an almost fivefold increase of hypertensinase activity'. 

Similar studies were conducted on dogs. A normal dog of 8.6 kilos was 
given 1000 units of hypertensinase intravenously. The hypertensinase level 
of the plasma increased twofold, and it took 6 hours before the plasma returned 
to the normal level e.xisting before the injection. 

Inlravct:ous Injection of Plant Hypertensinase into Cats and Their Reaction to 
Intravenous Injections of Raiin and Hyperiensin. — Cats were anesthetized with 
chloralose, 0.1 gm. per kilo body weight, and the effect on the blood pressure 
of a third of a dog unit of hypertensin and a third of a dog unit of renin was 
determined. The dog unit of hypertensin used in this study has already been 
defined above. The dog unit of renin is the one that has been used in all our 
studies. The determination of this unit was described in detail in a previous 
study (6o). It is the amount of renin necessary' to raise the direct mean 
femoral blood pressure of at least three unanesthetized dogs 30 mm. Hg. 
Then the plant hypertensinase was slowly injected into the jugular vein. In a 
typical experiment, 750 units of hypertensinase were injected into a cat weigh- 
ing 4.5 kilos. After the hy'pertensinase level of the plasma had increased two- 
fold, the animal still reacted, but much l^s, to a unit of hypertensin, but failed 
to give a rise of blood pressure to 1 dog unit of renin. 

Intravenous Injeclioii of Plant Hyperiaisinase into Normal Dogs, and Their 
Reaction to Renin and Hypertensin. — The intravenous injection of the concen- 
trated plant hy^jertensinase caused a sudden and great fall in blood pressure in 
dogs. Therefore, the material was diluted with equal parts of Ringer’s solution 
and slowly injected by' intravenous drip. 

In a dog (No. 9-46) weighing 10.9 kilos, e.xtract containing a total of 3090 units of plant 
hj-pertensinase was slowly injected during 1 hour. The comparison between the hyper- 
tensinase activity of the plasma before and after the injection showed that the hypertensinase 
level had increased twofold. 

In a dog (No. 10-30) weighng 9.5 kilos, eitract containing 3000 units of plant hyper- 
tensinase was administered intravenously -in 1 hour. .After the administration of 1500 
units, the dog did not react to the intravenous injection of 1 unit of hypertensin and showed 
a blood pressure rise of only 15 mm. Hg after the intravenous injection of 3 units of renin. 
■Kt the end of the injection of 3000 units of hypertensinase, 1 unit of renin, injected intra- 
venously, produced no rise in blood pressure, 2 units of renin gave a rise of only 10 mm. Hg 
and 3 uiuts of hypertensin caused a rise of only 15 mm. Hg. -At this time the hypertensinase 
level of the plasma showed a twofold increase. 
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In a dog weighing 7.7 kilos (No. 10-47) a total of 2500 units of plant hypcrtcnsinasc was 
injected intravenously in 15 minutes. After the completion of the injection, the dog reacted 
to 1 unit of hypertensin with a 5 mm. Ilg rise of blood pressure, to 2 units with 10 mm. Hg 
and to 4 units with 15 mm. Hg. To 1 unit of renin the dog reacted with a 15 mm. Hg rise in 
blood pressure. One hour after Vlic completion of the injection the dog reacted to the intra- 
venous injection of 2 units of ly'pcrtensin with a rise in blood pressure of 20 mm. Hg and to 
1 unit of renin with a rise of 20 mm. Hg. Four hours after the completion of the intravenous 
injection of tlie plant hypcrtcnsinasc, the dog showed a normal response to the intravenous 
injecdon of 1 unit of hj'pertcnsin, with a rise in blood pressure of 30 mm. Hg, and to 1 unit 
of renin, witli a rise of 35 mm. Hg. The plasma level of hypcrtcnsinasc, which was increased 
twofold immediately after tlic injection of the plant hypcrtcnsinasc, returned to the normal 
level 4 hours after the injecdon was completed. 

Into a normal dog (No. 10-24) weighing 11.8 kilos an intravenous injecdon of plant 
hypertensinase was started, and, after the animal had received 2100 units of hypcrtcnsinasc, 
during tlie first 25 minutes, 2 units of renin were injected intravenously, to which die dog 
reacted with a rise in blood pressure of 15 mm. Hg. The intravenous injecdon of hyper- 
tensinase was continued at a rate of 25 units per minute and, after 10 minutes, 1 unit of renin 
was injected intravenouslj', which gave a rise in blood pressure of 10 mm. Hg. After 5 
minutes, 5 units of renin were injected intravenously, to which the dog responded with a 10 
mm. Hg rise in blood pressure. Simultaneously with tlie injecdon of plant hypcrtcnsinasc, 
an intravenous injecdon of renin was started, at a rate of half a unit of renin per minute. 
After 14 minutes, tlie dog sdll failed to respond to renin. An intravenous injecdon of 10 
units of renin did not produce a rise in blood pressure. Now the rate of intravenous injecdon 
of renin was increased to 1 unit per minute. During the nc.tt 12 minutes a rise in blood pres- 
sure did not occur. Throughout the e.vperimcnt a total of 46-10 units of plant hypertensinase 
was injected intravenously. After die complcdon of the plant hypcrtcnsinasc injecdon, the 
hypertensinase level of the plasma had increased twofold. 

Into a normal dog (No. 10-41) weighing 10.4 kilosan intravenous injecdon of plant hyper- 
tensinase (37.5 units per cc. in Ringer’s soluUon) was started at the rate of about 100 units of 
hypertensinase per minute. This rate proved to be too rapid and die injection was stopped 
after 5 minutes, at which dme the blood pressure fell suddenly from 135 mm. Hg to 70 mm. 
Hg. After anodier 3 minutes, die blood pressure returned to its previous level and the 
injecdon was started again at a slower rate of about 30 units of hypertensinase per minute. 
During the nest half hour enough hypertensinase was injected to add up to a total of 3500 
units of hypertensinase. The blood pressure remained at its normal level of 130 to 140 mm. 
Hg diroughout die injecdon, and the dog had a normal appearance. After the injecdon 
was completed, die intravenous injection of 1 unit of hjpertensin gave a rise in blood pressure 
of IS mm. Hg, 2 units of hypertensin a rise of 15 mm. Hg, 1 unit of renin a rise of 10 mm. 
Hg, 2 units of renin a rise of 5 mm. Hg, and 5 units of renin gave no rise in blood pressure. 
Then 200 cc. of arterial blood was withdrawn and treated for the demonstradon of hyper- 
tensin (8) and hypertensinase. The hypertensinase level in die pl.asma had increased two- 
fold. There was enough hypertensin present in 200 cc. of plasma to give a rise in blood 
pressure of 55 mm. Hg when this was injected intravenously into a normal unanesthedzed 
trained dog. 

Intravenous Infusion of Plant Eypcrlcnsivasc into a Hypertensive Dog . — 

A dog (No. 10-29) weighing 10 kilos, with e.Tperimental renal hipertension and direct mean 
femora) blood pressure of ISO mm. Hg, received an intravenous injecdon of plant hyper- 
tensinase. The solution contained 50 units of hypertensinase per cc. and, at the slow rate of 
1 cc. per minute, a total of 3000 units of hypertensinase was injected. After the injecdon of 
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2300 units of hypcrtcndnase, the blood pressure had changed from 180 mm. Hg to 165 mm. 
Hg. After the injection of 2675 units of h>pcrtensinasc the blood pressure had reached the 
normal level of 120 mm. Hg. At the end of the injection the blood pressure was 130 mm. Hg. 
After the injecUon was stopped, the dog reacted to the intravenous injection of 1 unit of 
hiTsertensin with a rise in blood pressure of 5 mm. Hg, to the injection of 5 units of hyper- 
tensin with a rise of 15 mm. Hg, to the injection of 1 unit of renin with no rise, and to the 
injection of 5 units of renin with a rise ot 25 mm. Hg. At the height of tlic rise, 200 cc. of 
arterial blood was withdrawn and treated for the demonstration of hjpertensin and h>per- 
tensinase in the plasma. After the injection of the 6 units of renin into the h>pertensive dog 
treated with 3000 units of plant hypertensinase by intravenous injection, 200 cc. of blood 
contained enough hjpertensin to give a rise in blood pressure of 50 mm. Hg (intravenous 
injection into a normal imanesthetized trained dog). The hypertensinase level of the blood 
was increased threefold. Four hours after the injection of plant hypertensinase had been 
stopped, the hjpertensinase had returned to its normal level and the blood pressure was up 
to its previous hypertensive level. 

Iviravcnous Injection of Inactivated Plant Eypertensinase into a Eypertmsive 
Dog.— 

The plant hjpertensinase preparation was inactivated by incubation at 37°C. for 1 hour 
at pH 11. The pH was then lowered to 8.1 by the slow addition of 1/10 n HCl. Instead of 
30 units of hjpertensinase per cc. the solution now contained barely 1 unit per cc, 

A hypertensive dog (No. 8-82) weighing 10 kilos, with a blood pressure of 200 mm. Hg 
received by slow intravenous injection, a quantity of inactivated e.xtract representing 3000 
units of plant hjpertensinase. Throughout the injection, which lasted 75 minutes, the blood 
pressure of the dog did not change. After the injection, the dog reacted in a normal way to 
the intravenous injection of 0.05 cc. of 1:1000 adrenalin, with a rise in blood pressure of 60 
mm. Hg, to the injection of 1 unit of hjpertensin with a rise of 20 mm. Hg, and to the injec- 
tion of 1 unit of renin with a rise of 25 mm. Hg. Then 5 units of renin were injected intra- 
venously and, at the height of the rise of blood pressure, 200 cc. of arterial blood was with- 
drawn, to be treated for the demonstration of hjpertensin and hjpertensinase. The plasma 
of this sample contained enough hjpertensin to give a rise of 30 mm. Hg in a normal un- 
anesthetized dog. The hjpertensinase level of the blood was not increased after the intra- 
venous injection of 3000 units of inactivated plant hypertensinase. 

DISCUSSION 

There is no proof that the enzyme bj'pertensinase is involved in the humoral 
mecham'sm of renal hypertension. Blood plasma does contain hypertensinase, 
and the kidney contains a large amount of it, rating only second to intestinal 
mucosa (3). An indication that the kidney is the main source of hyperten- 
•sinase in the blood plasma is the almost complete disappearance of hyperten- 
sinase from the latter, after bilateral nephrectomy (3) ; but this finding has been 
questioned (9). It has been asserted that renal venous blood, from an ischemic 
kidney, contains less hypertensinase than blood from the renal vein of a normal 
kidney (10), but this we have not been able to confirm, and it has not been 
confirmed by other investigators (11). In addition, the importance of hyper- 
tensinase is rendered questionable by the fact that the hv^pertensinase content 
of the plasma of hypertensive dogs has always been found normal (9). 
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Because hypertensinase is the only known substance in the blood which has 
the ability to destroy h 3 T)ertensin in vitro, almost all attempts to treat renal 
hypertension by injection of organ extracts have been based on the idea of 
supplying the enzyme whicli destroys the pressor substance, h)Ticrtensin, 
although a lack of hypertensinase has never been established in renal hyper- 
tension. Studies of the action in vivo of hypertensinase made from the kidney 
have not been possible because of the relatively low potency and impurity of 
the preparations which usually contained more renin than hypertensinase. 

Witli the preparation of a purified and highly potent plant hypertensinase, 
which does not contain renin, the attempt has been made to gain more knowl- 
edge about the antipressor properties of this enzyme. By our simple method 
for the determination of the potency of the liypertensinase, it has been possible 
to follow the possible absorption of hypertensinase after injection at various 
sites in the body. 

The properties of the wheat bran hypertensinase used in our experiments 
were found to be similar to those of the enzyme solution obtained from yeast 
cells (12). This enzyme destroys hypertensin and pepsitensin, and the authors 
describe4,it as an aminopolypeptidase. We did not make an exhaustive study 
of the chemical properties of the enzyme solution used in our experiments. 
The fact that it did not destroy adrenalin or hydroxy tyramin excluded the 
action of a phenolic oxidase. It is probable tliat the action is not that of an 
oxidase but of a proteolytic enzyme acting by hydrolysis. 

Failure to raise the blood level of h 3 ^rtensinase and to reduce blood pressure 
of hypertensive dogs by the intramuscular injection of large amounts of plant 
hypertensinase is of interest because the intramuscular injection of renal 
extract has been used as a treatment for hypertension. Page even used the 
hypertensinase titer as an indicator of the activity of his renal extracts, which 
were administered by intramuscular injection. The renal extract of Grollman 
and his collaborators (13) could not contain hypertensinase, because this was 
undoubtedly destroyed during the preparation. 

Helmer, Kohlstaedt, Kempf, and Page (14) found that most of the material in 
their antipressor extract which was capable of destroying hypertensin was in the same 
range of ammonium sulfate precipitability as the material responsible for the anti- 
pressor activity, when assayed on hypertensive dogs and rats. The reduction of. 
arterial blood pressure of hypertensive patients and animals with extracts of kidney 

(15) was explained therefore as due chiefly to their ability to destroy hypertensin 

(16) . It is difficult to evaluate the results of their treatment %vith kidney extracts 
because the authors state also that the preparation of active extract is almost a hit 
or miss problem and that expressions such as “specific” and “non-specific” would 
only confuse the issue. Goldblatt, Kahn, and Lewis (17), \vith a kidney extract made 
in accordance with the details given by Page and collaborators, failed to reduce the 
blood pressure of hypertensive dogs. The kidney extract prepared by Schalcs, 
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Stbd, and Wanen (18) did contain a goodly amount of h>-pcrtensinase, because 
1 liter inacdvated the amount of hj^jertensin produced by incubating 1 to 3 liters of 
beef serum with an excess of renin under optimum conditions. In five of their seven 
patients, there was a significant lowering of the high blood pressure, which appeared 
to be related to the severe local and general reactions. Because the intramuscular 
injection of an extract poor in hypertensinase also produced a fall in blood pressure, 
similar to that produced by the unmodified e.xtract, the authors concluded that the 
blood pressure-lowering effect of their renal extract was due to a general toxic effect 
of the crude tissue extract rather than to specific interference with the renin-hyper- 
tensin mechanism. In these experiments, too, the effect cannot be attributed to 
hj’pertensinase which, as we have shown above, is not absorbed into the blood stream 
from an intramuscular injection. 

The intravenous injection of large amounts of plant hypertensmase gave us 
the opportunity to study the direct action of hypertensinase on renin and 
h 5 'pertensin in vivo. In the circulating blood, hj'pertensinase interferes not 
only mth the action of hypertensin, as in the test tube, but it also inhibits the 
effect of renin. The impression is gained that the action on renin is even 
greater than on hypertensin. This may be explained by the slow enz 3 Tnatic 
action of the renin and hypertensinase, two antagonistic enzymes, which allows 
better opportunity for the destruction of the end product, hypertensin, formed 
in the blood. Hypertensin, however, injected intravenously, acts so quickly 
that it is only slightly affected by the slowly acting hypertensinase of the blood. 
To produce effects, the level of hjTpertensinase in the plasma must be greatly 
increased, and the best results were obtained when it was increased at least 
threefold above normal. When no increase was produced (as by the injection 
of inactivated e.xtracts) both renin and hypertensin retained their normal ac- 
tivity. 

In brief experiments, the intravenous injection of plant hypertensinase 
low'ered the blood pressure of dogs with experimental renal hypertension to 
normal levels. Inactivated plant hypertensinase failed to produce this effect. 
The lowering of the blood pressure was temporary and lasted only as long as 
the hypertensinase level was increased. Within 4 hours after the injection of 
3000 imits of plant hypertensinase into a dog of 10 kilos, the blood presstire 
returned to its original level. 

The demonstration that the pressor substance hypertensin is still formed in 
the blood after the injection of plant hypertensinase can be explained on the 
assumption that this enzjnne does not quickly destroy all the pressor substance 
formed. 

SUMMARY 

Many plants contain an enz>-me similar in most biological properties to the 
hypertensinase obtained from blood and some animal tissues, notably kidney 
and intestinal mucosa. 



38 


PLANT, HYPERTEKSINASE 


Wheat bran is a rich source of the plant hypertensinase, and from it a potent, 
non-toxic preparation was made by the use of isoelectric and ammonium sulfate 
precipitation as the means of purification, 

Hypertensinase derived from bran and administered intramuscularly was 
not absorbed, or was absorbed only very slowly, into the blood plasma. 

Repeated intramuscular injection of large quantities of plant hypertensinase 
did not reduce the blood pressure of dogs with experimental renal hypertension. 

The intravenous injection of large quantities of plant hypertensinase into 
dogs resulted in an immediate increase in tlie content of hypertensinase in the 
plasma. 

Dogs with a high hypertensinase level iri the plasma failed to react, or reacted 
much less markedly to the intravenous injection of amounts of renin or hyper- 
tensin which had previously proved effective. 

The slow intravenous injection of plant hypertensinase into a dog with 
experimental renal hypertension reduced the blood pressure to the normal 
level for tire period during which the concentration of plant hjq)ertcnsinase in 
tlie blood was considerably elevated. After the return of the hypertensinase 
of the plasma to normal, the blood pressure rose again to its previously high 
level. 

Inactivated plant hypertensinase did not increase tlie hypertensinase content 
of tlie plasma, did not interfere with the action of renin and hypertensin, and 
did not reduce the high blood pressure of dogs with experimental renal hyper- 
tension. 

In a dog with an increased level of plasma hypertensinase, the pressor sub- 
stance hypertensin could still be detected in the systemic blood immediately 
after the intravenous injection of renin in an amount to which tlie animal 
responded with only a shght rise in blood pressure. 
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The literature on serologic investigations of rheumatic fever by streptococcal 
substances has been renewed elsewhere (1). It was noted there that the sera 
of patients with acute rheumatic fever react similarly to those of patients con- 
valescing from streptococcal infections with respect to two streptococcal anti- 
gens, the hemol}'sin and the fibrinolj'sin. Although these data have added 
serolo^c support to the epidemiologic e\-idence for a relation between the hemo- 
lytic streptococcus and rheumatic fever, they have failed to identify either of 
these streptococcal products as possible agents in the pathogenesis of rheumatic 
fever. It was pointed out, however, that the failure of such indentificadon in 
the case of two streptococcal antigens, out of the considerable number of such 
antigens which exist, leaves a wide area of possible immunologic relation.' 
Accordingly, the present studies involve a systematic exploration of the immu- 
nologicaUy distinct constituents and products of the hemolytic streptococcus, 
in an attempt either to identify or to rule out a streptococcal agent or mecha- 
nism as playing a part in rheumatic fever. 

The first step in the immunologic phase of this work has been a ree xamina tion 
of the antigenic structiure of the hemolytic streptococcus. Of its constituent 
antigens, those most clearly defined and best studied have been the ones con- 
cerned in serologic classification: the type-specific M protein by Lancefield 
(2, 3) and by Zittle (4), the group-specific carbohydrate by Lancefield (5) and 
by Zittle and Harris (6), and the type-specific T substance by Lancefield and 
her collaborators (7). The remaining constituents, which comprise the bulk of 
this organism, have, however, been less clearly defined. There have been three 
major attacks on this problem, that of Lancefield, of Heidelberger et al., and of 
Mudd and coworkers. Lancefield (3, 8) found a broadly specific nucleoprotein, 
“P,” in the substance of the streptococcal cell and suspected, but was unable to 
prove, the presence of another protein (3, 9). Heidelberger et al. (10-13) ob- 
tmned chemical fractions lettered from D to K. Of these, the E to K fractions 

* This study was supported by a giant from the life Insurance Medical Research Fund. 
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all showed serologic cross-reaction, and absorbed antibodies to all the fractions 
from antistreptococcal sera. The D fraction did not, liowcver, absorb out anti- 
bodies to tlie E and K fractions. All of these contained nucleic acid. Mudd 
and Lackman (14) found a single nucleoprotein in the sonic extract of the hemo- 
lytic streptococcus, which was shown bj' Mudd and \^hener (15) to have broad 
specificity. It was shown by Zittle (4) tliat this fraction gave tests for both 
ribose and desoxyribose nucleic acids. Sevag cl al. (16) isolated heavy particles 
from sonic extracts of hemolytic streptococcus by high speed centrifugation. 
They found that the particles were antigenic in rabbits and appeared to contain 
tlie group-specific carboh3drate. 

The first step in our investigations was to reexamine the constitution of tlie 
hemolytic streptococcus so that each distinct antigen comprising the organism 
could be studied with respect to tlie immunologic reactions of the rheumatic 
subjects. The means adopted was that of physical separation of the constitu- 
ents of tlie organism ratlier than chemical fractionation. 

Methods and. Materials 

The streptococci used in these studies included the following strains of group A: NY 5, a 
strain widely used for the production of crythrogcnic toxin; C 203, a tj-pc 1 strain also isolated 
from a patient with scarlet fever; 1048 M, a strain which maintains its production of the type- 
specific antigen in the laboratory; and H 44, a hyaluronidasc-producing strain.* The organ- 
isms were cultivated in dextrose broth or tr^Titosc phosphate broth with added sodium 
bicarbonate and phenol red. Some cultures were grown in protein-free medium which was 
essentially a dialysatc of Difeo dextrose broth. In addition, large amounts of streptococcal 
cell sediment (strain NY 5) were made available through tlie courtesy of the Ledcrlc Labora- 
tories and of Parke, Davis and Companj’. 

The cultures of streptococci were incubated overnight at 37°C. and tlien neutralized with 
4 N sodium hydroxide and reincubated. Tliis was continued until there was no evidence of 
increased growtli. The organisms were then collected by centrifugation, washed twice in 
physiologic saline solution, and suspended in distilled water at a final concentration usually 
corresponding to 0.03 gm. of dry weight per cc. This suspension was subjected to high fre- 
quency sonic vibration in a magneto-striction oscillator- (17) in order to disintegrate the 
organisms. The milky suspension which resulted was further diluted with one volume of 
distilled water, aliquots were removed for determination of tlie total concentration of the sus- 
pension in terms of dry weight per cc.. and the material was subjected to differential centrifu- 
gation. The high speed centrifugation was done in a motor driven centrifuge run in an 
evacuated chamber (18). 

Complement fixation tests were done by incubating the dilution of scrum in a volume of 
0.4 cc. with 0.1 cc. of the dilution of antigen and 0.1 re, of complement. The dilution of com- 
plement was such tliat 0.1 cc. contained 1.3 to 1,5 units, under the conditions of the test. 
After incubation of the mixture at 37‘’C. for 45 minutes. 0.1 cc. of rabbit anti-sheep-erythro- 
cyte scrum, diluted 1:1000, and 0.1 cc. of a 4 per cent suspension of sheep erythrocytes were 

* The first three of these stnains were from tlie collection of tlie Department of Bacteriology', 
School of Medicine, University' of Penii^'lvania. For the subculture of tlie H 44 strain the 
autlior is indebted to Dr. Karl Meyer. 

’ Manufactured by the Raytheon M.'mufacturing Compimy, Boston. 
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added to each tube. The tubes -svcre incubated at 37°C. for 30 nunutes, and the degrees of 
hemolysis ■were read as 0, trace, weak, strong, and complete. 

Analyses for total nitrogen were done by the micro-Kjeldahl technic, using a CuSO-KjSOi- 
H:iS 04 digestion mkture, with superoxol to complete the digestion. The indicator was a 
mixture of methyl red and methj-lene blue. Seventieth normal hydrochloric acid was used 
for the titration, and a steel-gray color was taken as the end-point The analyses for total 
phosphorus were done by the method of King (19). It was found necessary, however, to add 
the molybdate reagent and the sulfonic acid in succession and then to read the color immedi- 
ately in the photoelectric colorimeter in order to avoid non-specific increments of color. 
Quantitative estimations of desoxj-ribose nycleic add were performed by the method of Dische 
(20) and measurement of ribonudeic add by that of Mejbaum (21). 

RESULTS 

The Fracliojts . — ^As a result of experimentation with speeds and lengths of 
time of centrifugation of suspensions of disintegrated streptococci it was found 
that an insoluble residue (R) was brought down by centrifugation at 5300 r.p.m. 
for 30 minutes. The very few organisms which had not been disintegrated were 
completely removed in this step. The supemate of this centrifugation was a 
highly opalescent fluid. If this was subjected to repeated centrifugation for 
periods of 1 hour, first at 15,000 r.p.m. and then at 30,000 r.p.m., a series of 
opalescent yellowish pellets w'as obtained, which could be resuspended into a 
white opalescent suspension. The pellets decreased markedly in size after the 
3rd hour at 30,000 R.P.K. (90,000 G) but minute pellets continued to appear even 
after 9 successive 1 hour centrifugations. Particles of the same range of size as 
those comprising these pellets had been identified in the cytoplasm of cells of 
various organs, primarily by Claude (22). In conformity with his nomencla- 
ture they were named cytoplasmic particles (CP). The supemate from 8 hours 
of centrifugation at 30,000 r.p.m. was found to contain a considerable amount 
of protein. This fraction, after dialysis to remove small molecules, was desig- 
nated the supemate (S). Since there was both electrophoretic and immu- 
nologic e-n'dence that the later pellets obtained at 30,000 r.p.bi. were mixtures 
of the CP and S, only the first two sets of pellets derived at that speed were 
mdudedwith the pellets of the centrifugation at 15,000 R.pai. in the preparation 
of the cytoplasmic particles. 

It was found that complete separation of the CP and S by centrifugation was 
impossible. In the case of the CP, any repeated centrifugation in an attempt 
to purify the material resulted in loss of stability in suspension. On the other 
hand the smallest units with the immunologic and chemical characteristics of 
CP could be brought down oiJy by centrifugal fields which sedimented some of 
the S fraction. In the work to be reported here each of the fractions was not 
entirely free of the other. 

Serologic Reactions of the Fractions 

Both soluble fractions reacted with antistreptococcal sera in precipitation and 
complement fixation tests. The differences between the serologic character of 
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the CP and S fractions are better shown by their characteristics in complement 
fixation tests, of which a typical example is shown in Table I. 

Complcmenl Fixation . — Since nothing was known of the serologic reactions of 
tliese fractions, each was tested against antistreptococcal sera by complement 
fixation tests in which both antiserum and antigen were progressively diluted. 

TABLE I 


Complement Fixation of the Streptococcal Niicleoproleins with Rheumatic and 
Atttictreptococcal Sera 



0 = no hemolysis. 

tr = trace of hemolysis. 

w = weak hemolysis. 

s = strong hemolysis. 

ac = hemolysis almost complete. 

c = complete hemolysis. 

Such a two-wa}^ test, as shown in Table I, demonstrates tlie serologic behavior 
of the two fractions. It is seen in this table that the optimal dilution of 
antigen — the dilution at which the antiserum shows its full titer — ^is twenty 
times as high for CP as for S. The titer of tlie serum against CP is considerably 
higher than that against S, and tlie area of complement fixation differs in shape 
between the two antigens. 

The optimum antigen concentrations of eacli of the two fractions in the com- 
plement fixation test were found to be constant when they were tested against 



















T. N. HARRIS 


45 


weak and strong sera, so that these concentrations represent an immunologic 
characteristic of the respective fractions. 

Antibodies to both these fractions were found in all sera of rabbits immunized 
mth whole streptococcal cells. They were found also in the sera of a majority 
of patients convalescing from acute hemolytic streptococcal infections and of 
patients with acute or subsiding rheumatic infection. Such antibodies were 
found also in apparently normal subjects, although generally in a lower range of 
titer than in the poststreptococcal or rheumatic patients. These data ate 
included in the succeeding paper. 

TABLE n 

Complement Fixation of CP and S Fractions wlh Antisera to Other Strains of Group A Hemolytic 
Streptococcus and to Reloted Organisms 
[Antigens Deriscdfrom NY 5 Strain) 


Strain 

Classification 

Antj-CP titer 

Anti'S liter 

Anticomplemeo- 
lary control 

Serum 1:4 

jrys 

Group A 

256 

64 

c 

104811 

tt U 

64 

32 

c 

.1048M 

u tt 

1024 

128 

ftC 

Klk 

Group B 

<4 

<4 

c 

K151 

tt tt 

8 

<4 

c 

K151 

tt tt 

'32 

35 

c 

KlSl 

tt tt 1 

32 

32 

ac 

0 90 

« (( 

4 

<4 

ac 

0 90 

tt it 

6 

4 

c 


Streptococcus viridans 

6 

6 

c 


Smooth pneumococcus 

16 

32 

c 



4 

<4 

c 



8 

16 

ac 


Breadth of Specificity . — ^Both the CP and the S fractions gave evidence of 
broad specificity within group A by reacting with almost all normal human seta, 
and with almost all sera of patients with streptococcal or rheumatic infections, 
at their respective ranges of titer. There were also cross-reactions among 
rabbit antistreptococcal sera of difierent type-specificity and among anti-CP 
and anti-S sera of rabbits immimized with fractions derived from streptococci 
of other types. 

In order to detect wider ranges of cross-reaction, complement fixation tests 
were performed between CP and S prepared from a group A strain and sera of 
rabbits immunized with group B streptococci. Streptococcus viridans, and 
smooth pneumococci. The results of some of these titrations are shown in 
Table n. The results show that of each set of non-group A sera at least one 
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serum reacts witli tlie CP or S derived from group A streptococci, although in a 
lower range of titer than in the case of group A sera. Both fractions, then, have 
wide reactivity. 

Serologic Dislinclion of the CP and S Fractions . — ^The difference between the 
cytoplasmic particles and the S fraction was indicated by the difference in opti- 
mal antigen titer, the shape of the complement fixation area in the optimal pro- 
portions test, and the difference in titers of given sera versus CP and S. The 
latter showed considerable variation. The titers of most sera tested were higher 
against the CP than against S, and the observed difference ranged from a ratio 
of 16 to 1. As an additional test of the serologic distinction of S from CP, a 
suspension of tlie latter was subjected to sonic oscillation and subsequent cen- 
trifugation. The supemate of this preparation did not show the serologic 
characteristics of S, indicating that S was not a product of disintegration of CP. 

■ The final proof of serologic difference is, however, given by the cross-absorp- 
tion test. In tlie classical form of the cross-absorption test the immunologic 
distinction between two antigens is demonstrated as follows: A serum con- 
taining antibodies to both antigens is treated witli successive aliquots of one 
antigen until a furtlier addition produces no precipitate. If an addition of the 
other antigen to tliis absorbed specimen of semm now jproduces a specific pre- 
cipitate, and if the entire experiment can be repeated for another aliquot of the 
serum with the rCles of the two antigens reversed, the difference between the 
antigens has bee'n demonstrated. This form of the cross-absorption test was 
not feasible in the case of CP and S, since repeated additions of each absorbing 
fraction continued to precipitate small amounts of antibody from antistrepto- 
coccal serum. This was probably due to slight contamination of each fraction 
witli tlie other. Consequently complement fixation tests were used to measure 
antibodies to each fraction in sera absorbed with various quantities of either 
preparation. Absorption tests were set up as follows: — 

Constant amounts of a given rabbit antistreptococcal serum or of serum from a rheumatic 
subject were incubated with varying amounts of CP. A similar row of tubes was set up with 
appropriate concentrations of S. After incubation at for 1 hour, and overnight in the 
refrigerator, each tube was subjected to centrifugation for an hour at 32,000 r.p.u. and tlie 
supemate was used in complement fixaUon tests. A typical absorption experiment is shown 
in Table m. 

This table shows that each fraction, at several concentrations, absorbed from 
tlie serum more antibody to itself than to the other fraction. 

Immunization Experiments . — ^The immunization of rabbits with both CP and 
S fractions was undertaken. In order to simplify the procedure technically, 
and in view of the difficulty frequently encountered in immunization with iso- 
lated bacterial proteins, the technic of Freund and Bonanto (23) was employed. 

Each rabbit immunized with CP received 20 mg. of this material dissolved in 1.0 cc. of 
saline solution. This solution of protein had been emulsified in 1.0 cc. of falba and 4.0 cc. of 
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nmcral oil. The resulting 6.0 cc. of emulsion u-as inicctcd into trvo sites on the back of the 
rabbit The emulsion of S was treated similarly. 

The results of the immunization with CP were quite good. Measurable anti- 
bodies appeared within 2 weeks and rose to titers almost as high as those 
obtained on immuniz ing rabbits with repeated injections of whole streptococci. 
These sera were free of anti-S antibodies. In the case of the rabbits immunized 
with S, antibodies were found to S, although in lower titer than the anti-CP 


TABLE in 

Cress-Absorflion Test cf the CP and S Fraciions. Human Serum {Rheumatic Fezer) 
Complement Fixation Test 



S used in 0.4 per cent solution for absorption. 
CP used in 0.8 per cent solution for absorption. 


titer of the anti-CP sera. Moreover, it was found that the anti-S sera showed 
antibodies to CP as well. This was attributed to the known contamination of 
S by the CP, and to the fact that the latter is more potent antigenically. 

Chemical Properlies of (he Fractions 

Analyses for Nitrogen and Phosphorous , — Specimens of CP and S as prepared 
from several strains of group A streptococci were analyzed for total nitrogen 
and phosphorus content. Typical results of such analj^ses, shown in Table W, 
riiow that the nitrogen content of both fractions is consistent with that of 
protein, and that the percentage of nitrogen in S is higher than that in CP, 
although some \-ariation. is noted from preparation to preparation. 

Nticleoprolcin Characterization . — ^Because phosphorus was found in both CP 
and S preparations, nucleoprotein tests were performed. 
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The beta-naphthol test was done according to Slcudcl (24): One cc. of a 0.3 per cent 
solution of beta-naphthol in concentrated sulfuric acid was overlaid with an equal amount of 
a 1 per cent solution of the material to be tested, and the tube was agitated slightly. In the 
case of tlie CP a deep, reddish brown ring appeared at the liquid interface, whereas 
preparations of S produced a blue ring. 

These two color reactions are characteristic of ribose nucleic add and of 
desoxyribose nucleic acid respectively. On further testing, the predominance 
of ribose nudeic acid in the CP was confirmed by the ordnol reaction and that 
of desoxj’'ribose nucleic acid in S by the diphenylamine test. Quantitative 

TABLE IV 


Typical Results of Analysis of CP and S Fraclions of Group A Hmolytic Streptococci for 
Total Nitrogen, Total Phosphorus, and Type of Nudeic Acid 


Strain 

Pretjara- 

Uon 

Time of 
vibration 

CP 

s 

N 

P 

N. A. 

N 

P 

NA. 



hrs. 

per cent 

per cent 


per cent 

per cent 


NYS 

S 

1 

9.5 

0.45 

RNA* 

12.0 

1.78 

DNAt 

NY5 

8 

1 

10.8 

0.S4 

t( 

mSm 

1.52 

11 

NYS 

13 

1 

11.8 

0.70 

II 

Ira 

2.05 

II 

NYS 

13 

4 

11.4 

0.64 

II 

12.6 

1.85 

II 

NYS 

14 

1 

10.3 

0.76 

II 

12.3 

1.1 


NYS 

14 

3 

9.4 

0.59 

II 


1.8 


H 44 

4 

1 

11.5 

0.80 

II 

12.3 

2.7 


H 44 

4 

mm 

10.3 

0.88 

If 

ESI 

2.5 


C 203 M 

1 


8.9 

0.70 

If 

MttmM 

2.1 

(1 

1048 M 

3 

■1 

10.9 

0.68 

If 

12.2 

2.4 

If 


* Predominantly ribose nucleic acid, 
t Predominantly desoxyribose nucleic acid. 


analyses of all the CP and S specimens were made by the Mejbaum test for 
ribose nucleic acid and the Dische reaction for desoxyribose nucleic add. These 
will be reported elsewhere (25). 

Electrophoresis and Uliracentrifugation . — A number of specimens of both 
soluble fractions were tested by electrophoresis, and one specimen of each 
fraction by ultracentrifugation. The CP fraction showed a single boundary by 
electrophoresis, with a mobility of —4.4 X 10“® at a pH of 7.4. Since the 
material was quite opaque the electrophoretic uniformity was determined by 
examination of both ascending and descending boundaries. A minute con- 
taminant of an electrophoretic mobility corresponding to the chief component 
of S was noted. In tlie ultracentrifuge the cytoplasmic partides were shown 
to be of a very wide range of size. At 19,000 r.p.m. the chamber was cleared 
in a few minutes, after showing a continuous band of partide sizes across the 
entire field. 
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Examination of the S fraction by electrophoresis revealed two major com- 
ponents, presumably protein, one in approximately twice the concentration 



Fjg. 1. Electrophoretic (descending and ascending) and ultracentrifugal patterns of a 
t>'pical preparation of S (strain NY 5). Electrophoresis of a 3.6 per cent solution in phosphate 
buffer, pH 7.4, u = 0.02, 2S ma. Ultracentrifugation at same concentration and pH, at a 
field strength of 170,000 (48,000 S.P.1X.). 

of the other. These were flanked by a trace of a slower component, which had 
the mobility of the CP fraction, and a more rapid component, whose mobility 
was consistent with that of nucleic acid. A typical pattern is sho'R-n in Fig. 1. 
The mobilities of the major components, when the S fraction was tested at a 
concentration of 3.6 per cent and pH 7.4, are shown in Table V' At a con- 
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centration of 1 per cent tlie mobilities were some what higher, at that pH, 7.1 
and 5.8, respectively. The same two components, at the same mobilities and 
relative concentrations, were found on examination of specimens of S prepared 
from streptococci of strain H 44 and strain 1048. 

Ultracentrifugation of S at the same concentration and pH, at a field strength 
of 170,000 (48,000 r.p.m.) also showed two major components, one of which 
was approximately at twice the concentration of the other. It was considered 
probable that the two components were the same by both means of analysis. 
On this assumption the cliaracteristics of the two components of S are summa- 
rized in Table V. The corresponding patterns are shown in Fig. 1. Table V 
shows quite similar relative concentrations for the larger and smaller protein 
components of S as determined by the two physical means of examination. 
On repetition of the ultracentrifugation at approximately one-tenth the con- 

TABLE V 


Ehclrophorclic and XJUracentrifugal Data on the Two Protein Components of the S Fraction 



Electrophoresij 

Ultraccntrifugation 

Mobility 

Percentage 

Sedimentation 

constant 

Percentage 

Larger component 

-6.7 

-5.2 

62.9 

37.1 

4.5 

6.9 

63.3 

36.7 

Smaller component 



centration used in the earlier run, tlie two components showed the same sedi- 
mentation constants, although the apparent relative concentrations were 86.2 
per cent and 13.8 per cent, respectively. 

The Structure of the Cytoplasmic Particles . — ^Analyses of lyophilized prepa- 
rations of CP were made for lipoids and carbohydrates. 

ISO mg. of tlic dried material was e.^tracted three times in a mixture of 25 cc. of ethyl ether 
and 25 cc. of 95 per cent ethyl alcohol.' Each extraction consisted of one-half hour of reflu-xing 
on an electric hot plate. The three successive extracts were added and concentrated in vacuo 
to a small volume, which was then divided for determinations of dry weight, nitrogen, and 
phosphorus. 

It was found that the total lipoid extracted by this method ranged from 10.1 
to 13.4 per cent. The average nitrogen content of the lipoid e.\'tract was 3.4 
per cent, and that of phosphorus, 0.5 per cent. 

Other aliquots of tyophilized CP were analyzed for the group-specific carbo- 
hydrate b)'- the method of Zittle and Harris (6). It was found that 1 per cent 
of tlie Ij'-ophilized CP was crude carbohydrate. This was consistent with a 
similar range of yield of carbohydrate from the whole organism, since it will 
be shown below that the CP is by far the major constituent of the hemolytic 
streptococcus. 
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Attempts were made to separate the nucleic acid portion of the nucleoprotein 
in the CP from its protein b}’’ salting out. In contrast to similar experiments 
performed with S, tliese attempts were unsuccessful, indicating that the nucleo- 
protein in CP was a probablj'^ true compound with non-polar bonds between 
protein and nucleic acid. 

The Slructure cj the S Fraction . — ^The electrophoretic pattern had indicated 
that the S fraction contained two proteins. Either one or both might be the 
protein part of the nucleoprotein identified earlier by chemical means. The 
separation of a component of' a mobility consistent with that of nucleic acid 
in the electrophoretic cell indicated that tlie nucleoprotein might be of the 

TABLE VI 


NUrogen, Phosphorus, and Desoxyribose Nucleic Acid Content of the Dissociation Products of S 


Straui 

Preparation 

Original S 

Sediment of ammonium 
sulfate precipitation 

Supemate of nromonium 
sulfate precipitation 



N 

P 

N 

P 

N 

P 



ptr cent 

per cent 

per cent 

per cent 

per cent 

Per cent 

NY5 

3 

11.1 


9.6 

0.70 

9.8 

2.38 

NY 5 

4 



12.1 

0.75 

11.8 

2.20 

NY 5 

5 

12.6 


12.4 

0.13* 

12.0 

1.75 

NY5 

8 

12.4 

2.80 

11.6 

0.09 

11.8 

2.52 

NYS 

13 

13.2 

2.55 

12.2 

0.64 

9.6 

2.40 

H 44 

1 

12.1 

2.93. 

12.8 

0.80 

12.1 

2.75 

C 203 M 

1 

10.6 

2.86 

10.7 

1.08 

10.0 

2.33 


* Supemate of two successive precipitations with ammonium sulfate. 


dissociable, or protein-nucleate type (26). This hint was confirmed by salting 
out e-xperiments. 

To a solution of S was added three volumes of a cold saturated neutral solution of 
ammonium stdfate. The redissolved precipitate and its supemate were dialyzed free of ammo- 
nium ions, lyophilized, and analyzed for nitrogen and phosphorus. 

The results of such experiments, some of which are summarized in Table VI, 
show that phosphorus was largely lost in the course of the manipulation and 
that more of it appeared in the supemate, suggestmg a dissociation of protein 
and nucleic acid. More specific evidence of such dissociation was offered by 
the fact that the desoxyribose nucleic add content of the supemate was in all 
cases at least five times as high as that of the sediment. The DNA content 
thus determined did not account for all the phosphorus found in supemate, 
since the phosphorus concentration of nucleic acid is 10 per cent, so that phos- 
phorus-containing material other than nucleic acid was present in this fraction. 
Since the N:P ratio of the nudeic adds is approximately 1.5:1, the relative 
nitrogen and phosphorus content of the supemate shows that portions other 
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than nucleic acid were separated from S the treatment with ammonium 
sulfate. At least one of the proteins in S is, then, a protein nucleate. It is 
not possible to say at present whether the other component is of similar nature 
or is a simple protein. 

No attempts to isolate the two protein components of S have been made as 
yet. 


TABLE VII 


Typical Relative Yields of R, CP, and S on Varying the Time of Sonic Vibration of 

Bcmolytic Streptococci 


Strain 

Preparation 

Time of 
vibration 

I Total dry 
weight of 
organisms 



S recovered 

PH' 

■■ 


mg. 

mg. 

mg. 

mg. 


BH 


840 

420 

350 

85 




820 

290 

385 

87 

NY 5 

13 


810 

220 

650 

85 

NY5 

13 


810 

90 

790 

97 

NY 5 

14 

1 

500 

207 

95 

54 

NY 5 

14 

1 

2100 

920 

880 

127 

NY5 

14 


2200 

480 

1320 

152 

NYS 

14 


2200 

160 

1560 

148 

NY 5 

14 


2100 

160 

1600 

164 

H 44 

4 

1 

1 

288 

72.5 

75 

84 

H 44 

4 

1 

1220 

250 

292 

282 

H 44 

4 

4 

1220 

85 

390 

289 


The difference between the sum of the fractions and the total weight of organisms is 
accounted for largely by the four sets of pellets which were known to be mixtures of CP 
and S, after collecting the pellets included in CP, and to a smaller extent by the dialyzable 
constituents of the streptococcus. 


The Structure of the Hemolytic Streptococcus 

The Relation of the Known Antigens to These Fractions. — ^The presence of the 
group-specific carbohydrate, or C substance, in the cytoplasmic particle has 
been noted above. Similar attempts at e.vtraction of the carbohydrate from R 
(the insoluble residue left by disintegration) and from S failed. It was con- 
cluded that the carbohydrate was entirely contained in the cytoplasmic parti- 
cles. 

The t5fpe-specific M antigen was obtained from the R fraction by both tlie 
Lancefield and Zittle extraction methods. An attempt to use the R fraction 
itself as an antigen in complement fixation tests for M failed because the R 
invariably reacted similarly to suspensions of CP. It was concluded tliat 
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remnants of CP on the inner surface of the fragments of hulls of streptococci were 
fixing complement w-ith anti-CP antibodies in the serum. (All anti-M sera 
available had been prepared by injection of whole organisms.) 

The Efcd of Varialion in the Time of Disintegration.— studying tlie 
effect of x'arjdng the physical factors during fractionation, it was found that the 
yield of CP varied with the length of time of disintegration, whereas that of S 
remained approximately constant. Typical results of such experiments (Table 
m) show that by increasing the time of sonic \dbration it is possible to obtain 
increasing amounts of CP, at the expense of the yield of R. The gross chemical 
characteristics of the CP are apparentlj' not different in the larger yields than 
in the smaller. The actual 3 ’ields are affected by the efficiency of the vibration, 
which varies among runs, somewhat by the concentration of the organisms, 
and in at least one obsen^ed case, by the strain involved. In the case of strain 
H 44, the first hour of \'ibratiQn releases more of the cytoplasmic particles than 
in the case of other strains, although the final partition of the contents of the 
streptococcal cell does not vai^’- widely among the strains investigated. 

Electron micrographs were taken of the products of sonic xdbration of the 
streptococci. After an hour of vibration, the majority of the cells appear to 
have lost much of their contents and show partially empty hulls. A few of 
these hulls have begun to break up into crescentic fragments. After 4 hours 
of \'ibration there is marked fragmentation of the hulls of the orgam’sms. Other 
data reported in this paper indicate that these bits of cell wall have 
been stripped of almost all the CP which adhered to them at first. 

DISCOSSIOX 

The Relation of the New Fractions to Fractions of Streptococcal Ntwleoproleins 
in the Earlier Literature. — ^Although it is difficult to correlate the results of this 
phj'sical fractionation with those of chemical extractions, it appears possible^ 
that the CP forms the major portion, or all, of the P nucleoprotein of Lance- 
field, the E-K group of Heidelberger d al., and the NPA of Mudd and Tjrt-man 
There is little doubt that the “pigmented heavy particles” derived from som'c 
extracts of streptococci by Sevag, Smolens, and Stem are the same as the 
cjdoplasmic particles described here. Several differences must, however, be 
noted. First, the CP described in this paper were white, with no trace of green 
pigment, e.xcept for one group of preparations which showed a faint gray-green 
cast. It may be that the green pigment of the macromolecules was the result 
of assimilation of a heax-y metal bj>- the streptococci. Again, the speed of 
centrifugation used in the earlier study to clear suspensions of the maaomole- 
cules of heavier impurities was in a range which we found to precipitate con- 
siderable amounts of the CP. Finally, the phosphorus content of CP as found 
in this study is lower than that noted by the earlier authors. 

Tiie question arises of the relation of the S fraction to Lancefield’s Y and to 
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Heidelberger’s D fraction. In the absence of specimens of those materials it is 
only possible to say the following: The Y component, which Lanccfield en- 
countered but could not isolate, was easily digested by tiypsin; forthcoming 
experiments on tryptic digestion of S majf show whether S could be the Y 
antigen. As for the D fraction of Heidclbcrger, there are two difficulties in an 
attempt to identify S with it: the apparentl}'’ non-polar union of protein and 
nucleic acid in tlie D fraction and the fact that the E-IC fraction absorbed out 
antibodies to D in antistreptococcal sera. Both of these findings would not be 
consistent with the cliaracteristics of S. 

The Relation cf These Observations to the Total Antigenic Analysis of the Bemo- 
lytic Streptococcus. — ^The structure of the cytoplasmic particles makes it not 
impossible that antigenic groupings different from those on the surface might 
be “folded” in the interior of the particle and so not available for reaction in 
vitro. Since the physicochemical means used in resolving the S fraction are 
not applicable to the CP, other means are being used to investigate its immuno- 
logic homogeneity. 

The Organisation cf rhe Streptococcal Cell. — ^As a result of mudi recent work 
with the constituents of cells other than bacterial, ribose nucleic acid has become 
associated with nucleoproteins of the cytoplasm and desoxyribose nucleic acid 
with nuclear elements (27, 28). In the work here reported it was found that 
tlie nucleic acid in the CP was predominantly of the ribose tjqie, which is con- 
sistent witli many obser\’’ations on cytoplasmic particles derived from other 
cells. On the other hand, the nucleic acid in S gave the tests for deso.xyribose 
nucleic acid so that it is likely that S contains nuclear material. 

These considerations, as well as the inverse relationships between the yield 
of residue and that of CP, without change in the yield of S, suggest the following 
hypothesis: It is possible that at first rupture of the cell by the vibration tliere 
is fission of the cell wall and of the cytoplasm. The nuclear contents, which 
are not organized into complex units like those of the cj'^toplasm, and may be 
in a more liquid state, pour out in their entirety into the suspending medium. 
The cytoplasmic particles are then progressively shaken off tlie fragments of 
bacterial cells, to form an opalescent stable suspension. YTiat would be called 
tlie insoluble residue after an hour of sonic vibration is in reality largety cyto- 
plasmic material. Even after 4 hours of continuous vibration, not all of the 
cytoplasmic material has been shaken off the fragments of hulls or cell walls of 
the streptococci, and the inner surface of the latter is lined with cytoplasmic 
particles. In fact, the R fraction of 4 hour vibration was used twice with 
success as a substitute for CP in cross-absorption experiments. The truly 
insoluble res’due, consistmg of cell walls from whose inner surface all cyto- 
plasmic particles have been stripped might be obtained only after long periods 
of vibration. 
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SUMMARY ' 

After disintegration b}' sonic vibrations the contents of the hemolytic strep>- 
tococcus can be separated by differential centrifugation into three fractions: 
an insoluble residue, cj-toplasmic particles, and a solution of proteins of smaller 
unit size. 

The residue (R) presumabl}’- comprises tlie cell tvaUs of the bacteria and 
contains the tA^e-specific M protein. The tytoplasmic particles (CP) contain 
some lipoid, the group-specific carboh 3 -drate, and nucleoprotein of the ribose 
tj-pe. The supemate fraction (S) contains two components, presumably pro- 
tein, at least one of which is part of a dissociable nucleoprotein of the desoxy- 
ribose type. 

Both CP and S precipitate and fix complement with antistreptococcal sera. 
Both give rise to antibodies on injection into rabbits. Both are of broad re- 
activity'. CP and S can be shown to be serologically distinct by several means, 
including cross-absorption tests. 

On continued disintegration of the organism an inverse relation is noted 
between the yield of R and that of CP, whereas the ydeld of S is constant. 

A tlieory as to the structure of the streptococcal cell is offered in terms of the 
data presented. 

The author wishes to express his deep gratitude to Dr. Dan H. Moore, of the Electro- 
phoresis Laboratory of the College of Physidans and Surgeons, New York, for carrjing out 
and interpreting the electrophoretic and ultracentrifuga! detemainations used in this work. 
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STUDIES IN THE RELATION OF THE HEMOLYTIC 
STREPTOCOCCUS TO RHEUMATIC FEVER 

m. Complement Fixation vrEESus Streptococcal 

NtJCLEOPROTEINS TOTH THE SeRA OF PATIENTS 
TOTH Rheumatic Fever and Others* 

By T. N. HARRIS, M.D. 

(Prom The Children’s Hospital of Philaddphia (Department of Pediatrics, School of 
Medicine, University of Pennsylvania), the Children’s Seashore House for 
Invalid Children, Atlantic City, and the Philadelphia General Hospital) 

(Received for publication, September 25, 1947) 

In the previous paper of this series (1) the isolation of two fractions of strep- 
tococcal nucleoproteins was described: the cytoplasmic particles (CP) and the 
S fraction, of smaller molecular size. It was pointed out that so far neither 
fraction had been prepared chemically free of the other. However, the immu- 
nolo^c reactions of each were so cJistinct and characteristic that the two 
fractions could be employed in serologic tests in their present state of purity. 
Although the S fraction was shown by electrophoresis and ultracentrifugation 
to contain two molecdar species, presumably protein, the use of this prepa- 
ration in exploratory serologic work is indicated by the facts that this fraction 
has not been described before, and that the relative concentrations of the two 
components of S are of the same order (33 and 67 per cent of their total, 
respectively). 

Since antibodies to these fractions had never been measured, it was necessary 
to determine their titer in the normal population. Such tests were performed 
on the sera of newborn infants, older infants, children, and young adults. For 
ex'aluation in streptococcal infections tests were done on a group of patients with 
scarlet fever, serial specimens being taken at the acute and conTOlescent 
stages and se\’eial months thereafter. Finally, titrations were done on the sera 
of patients with active and quiescent rheumatic fever, and longitudinal studies 
were done dming single or repeated rheumatic episodes. For general corre- 
lation with the earlier work on measurement of streptococcal antibodies, anti- 
streptolysin tests w'ere done on each serum tested. 

Methods and Materials 

The Preparation of Sera and Antigens . — ^The sera of newborn infants were prepared from 
Wood collected from the umbilical cords in the Deliverj- Rooms of the Philadelphia General 

* The work described in this paper was aided by a grant from the Life Insurance Medical 
Research Fund.^ 
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Hospital. The sera of older infants were collected at the Well-Baby Clinic of The Children’s 
Hospital of Philadelphia. These infants ranged in age from 6 months to 2 years. The sera 
representing the antibody levels in normal children \\ ere those collected in the group of patients 
with scarlet fe\ cr mentioned below for the study of the serologic response in acute streptococcal 
infection. Only sera collected within the first 3 days of the disease were taken to represent 
normal antibody levels. The sera of young adults were collected at the Student Health Service 
of the University of Pennsylvania. 

For the study of antibodj’ response to these antigens in acute streptococcal disease, blood 
specimens were collected from children with scarlet fc\ cr at the Philadelphia Hospital for Con- 
tagious Diseases during the first half-week and during th.e 3rd week of the disease. In a 
number of these cases, an additional specimen was drav.n 4 months later. 

In the case of rheumatic patients the blood specimens w ere drawn at weekly, biweekly, or 
monthly intervals, depending on the severity of the rheumatic process, in correlation witli the 
clinical studies to be described below. 

Blood specimens were collected with a minimum of sodium citrate as anticoagulant, in order 
to allow for the determination of the erj’throcytc sedimentation rate, white blood count, and 
concentration of hemoglobin. The plasma was drawn off each blood specimen and frozen as 
soon as the tests above had been completed. When a specimen was to be tested, it was 
thawed, and cleared by centrifugation of the fibrinogen which had precipitated on freezing. A 
single dilution of 1 :8 or 1 : 16 was made of each serum, in sufficient amount to allow for the two 
complement fixation tests, the detection of anticomplementary sera, the antistreptolysin titer, 
and the antihyaluronidase titer (2). It was then heated to SO^C. for 15 minutes to inactivate 
complement. These dilutions were used within a few days, and were kept frozen between 
tests. 

The S antigen was maintained in tlie refrigerator in the lyophilized state and was dissolved 
when needed. In the case of CP desiccation was not feasible, because of poor resolution of the 
large particles. The CP was maintained in suspension in the refrigerator with merthiolate 
added to a final concentration of 1 : 10,000. There were no troublesome anticomplementary 
effects during man}' months of sucli storage. 

T/ie Serologic Tcsls . — Complement fixation tests were performed by incubating 0.4 cc. of 
various dilutions of serum with 0.1 cc. of the antigen (at twice its minimal optimal concen- 
tration) and 0.1 cc. of complement, diluted to contrun 1.3 to 1.5 units under the conditions of 
the test. After 45 minutes of incubation at 37'’C., 0.1 cc. of a 4 per cent suspension of sheep 
erytlirocytes was added to each tube, together with 0.1 cc. of rabbit anti-sheef)-erythrocyte 
serum, adjusted to contain 2 units of hemolysin in that volume. The antigen-complement and 
the sensitized erythrocytes were each added as a mixture, using an automatic pipet. At the 
end of half an hour of furtlier incubation at 37°C. tire degree of hemolysis was read as 0, weak, 
strong, or complete. As a control on temperature effects in incubating, and because of the 
time required for the pipetting of reagents, at least one standard scrum was included in each 
rack of every test. Each test with each antigen involved about 450 sera, including the 
standard sera. The usual precautions of complement titrations were taken, and several experi- 
mental sera of each test were repeated in the following one. Finally, for more precise com- 
parison of titers in a given patient at different stages of activity of the rheumatic process, all 
sera of a given patient were included within one set to be tested.' 

The antistreptolysin tests were done exactly as suggested by Todd (3), since tliat is the 
leclmic followed in almost all of the reported studies of antistreptolysin titers. Serum 
dilutions were made in volumes of 0.4 rather than 0.5 cc., in conformity with the other tests 
in this study. 


' The complement used in this study was the lyovac complement of Sharp and Dohmc, Inc., 
to whom the author is indebted for generous gifts of this material. 
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the Study cf the Patients end the Criteria cf Aclkity cf the Rhcuinctic Frecess.—Tbe rheu- 
matic patients were studied in acute, convalescent, and quiescent stages of the disease. They 
were usually seen first in the wards of The Children’s Hospital of Philadelphia, or the Phila- 
delpWa General Hospital. Many of them were studied in the wards of the Children’s Seashore 
House at Atlantic City during Uie chronic, active and the convalescent stages of the illness. 

■ They were then followed at the Rheumatic Fever Clinics of the first named institutions in the 
quiescent stage. In.some cases, of course, the entire cjxlc was repeated. 

The patients were examined at least every' 2 weeks while in the acute or convalescent wards 
and at each visit to the Clinics. These examinations included the following; symptoms — ano- 
rexia, headache, precordial, abdominal, or arthritic pain, cough, dyspnea, and cpistaxis; physi- 
cal signs — cardiac rate and rhythm, distance of apex beat from the midline, murmurs, with 
distance of transnrission of each, and other adventitious sounds, palpable thrills and friction 
rubs, hepatic enlargement and edema, rashes, subcutaneous nodules, and chorea. Laboratory, 
e.xaminations included the erj'throcyte sedimentation rate, white blood cell count, and hemo- 
globin concentration. The vital capacity was usually determined at biweekly intervals, and 
electrocardiograms were taken as required. The erythrocyte sedimentation rate was done by 
a method described elsewhere (4). It involved a series of readings of the erythrocyte level at 
5 minute intervals, in order to determine the rate of free fall of the corpuscles, and a correction 
for the relative volume of ery’throcytes. 

The patients selected for serologic study were, of course, only those in whom the diagnosis 
of aedve rheumatic fever was beyond doubL Very nearly all of these children had active 
rheumatic carditis. 

The recording of clinical evidence of rheumatic activity in correlation with the serologic 
titers presented a problem. A considerable part of the clinical data was kept in graphic form 
in the records of this Investigation. However, an attempt to present all such data in graphic 
form in this paper was abandoned because of the necessary complexity of such graphs. On 
the other hand, the manifestations of active rheumatic disease are so protean that no one or 
two clinical signs can measure the activity in all cases. The erythrocyte sedimentation rate 
is probably the most sensiti\ e single indicator of activity' of the rheumatic process, but it has 
been shown that this test may' he unreliable in adolescent and overweight children (4), in right- 
sided heart failure (5, 6), and in prolonged, full dosage of salicylates (7-9). Finally', there are 
some patients in every scries of sufficient size whose ery'throcyte sedimentation rate is within 
normal limits, although there is unquestionable clinical evidence of an active rheumatic 
process. 

For the recording of the clinical evidence of the degree of rheumatic fever, therefore, it was 
decided to show the ery-throcyte sedimentation rate, temperature, resting pulse rate, and such 
episodes as polyarthritis, carditis, and cardiac failure. The criteria of quiescence of the rheu- 
matic process included the fall to a plateau level of the erythrocyte sedimentation rate, of the 
size and rate of the heart, and of murmurs and their extent of transmission; a stable pulse rate, 
absence of significant symptoms and signs, and general well being. 

RESULTS ' 

The Oplivial An'.igcn Cottceniraiion of the Frcciions . — ^In order to use the two 
nucleoprotein fractions in large scale serologic tests it was necessa^ to ascertain 
that the optimal range of concentration of each fraction as antigen in comple- 
ment &.xation tests was the same, regardless of the titer of the antiserum. Table 
I shows that such is the case for high and low titered sera of rheumatic patients. 
The same optimal concentrations were found to obtain also in tests using rabbit 
antistreptococcal sera of high and low titer. 
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The AlUibody Leads to CP and S in Normal Subjeds of V arions Age Groups . — 
Since nothing was known of the occurrence of these antibodies in human sera, 
determinations were carried out of the complement fixation titers to CP and S 
in sera of 35 neonatal infants, of 35 older infants ranging from 6 months to 2 
years, of 70 children ranging from 4 to 15 years, and of 40 medical students. 
Comparative tests of antihemolysin were done in parallel. The results of these 
tests are shown in the form of a percentage frequency chart in Fig. 1. 

Fig. 1 shows tliat antibodies to alt tliree streptococcal antigens under investi- 
gation are found in the sera of normal subjects. Although the range of titers 

TABLE I 


The Comlancy of Optimal Antigen Titers of CP and S in Complement Fixation Tests 
vo'Siis Rheumatic Sera of High and Low Tiler 
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The degree of hemolysis is recorded; O, none; tr, a trace; w, weak; s, strong; ac, almost 
complete; c, complete. 


differs among the three tests, certain broad similarities are seen. In eadi test, 
a considerable percentage of relatively high titers is found in neonatal infants. 
After several months, or a year, the higher titers are no longer found except in 
a very few cases. In childhood higher titers appear in all three tests, and among 
young adults the higher titers occur with slightly greater frequenc}'- than among 
children. 

The Antibody Response in Acute Streptococcal Disease . — 

Since no epidemic of streptococcal infection occurred in the Philadelphia area during the 
course of these studies, the patients chosen for e-xamining antibody levels in streptococcal 
infection were children with scarlet fever. These children were admitted to the Philadelphia 
Hospital for Contagious Diseases within the first day or two of the disease. The diagnosis was 
verified at the hospital, and the children were not treated with sulfonamides. Sera drawn at 
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Fig. 1. The {requcncj- distribution, in percentage, of complement fixation titers to CP and 
S. and of antistrcptolj-sin titers, in sera of normal subjects of various age groups. 
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the beginning and at the end of the 3 week hospitalization were compared to determine 
increases in antibodies in the course of the infection. As can be seen by llic distribution of 
normal titers in Fig. 1, the titers at the first bleeding varied widely. Accordingly, the clTcct 
of the disease on the antibody level is recorded, in Table IJ, in terms of individual increases, 
rather than of average titers. 

Table II shows that in all the tests 80 per cent or more of the patients showed 
at least a twofold rise in titer, so that an increase of antibody level in any of these 
three tests may be considered characteristic of this acute streptococcal infection. 
There was poor correlation among the changes of antibody titers to the respective 
antigens. Although a few sera showed very little or no rise in the tilerof all three 
antibodies, there were examples of sera in which one of the antibodies showed a 
greater increase in titer than in the case of the other two. TJiis could be 


TABLE II 


Percenlage Freque'tcy of Increases in Antibody Tilers to CP, S, and Eemoiysin in the 
First 3 Weeks of a Group of 70 Cases of Scarlet Fever 


Increase in titer 

CP 

s 

None or too small to be significant 

— 

15 

2-fold 


66 

4-fold 


17 

8-fold 


2 

16-fold 


0 

32-fold or higher 

1 

0 



observed for any of the three antibodies, especially in the case of anti-CP and 
antihemolysin, in which the range of increase tended to be higher. 

In order to study the persistence of these antibodies after recovery from the 
streptococcal infection, sera were obtained from these patients 4 months after 
they were discharged from the hospital. Twenty such Specimens were 
obtained. Comparison of the titers of these sera with those of the specimens 
drawn at 3 weeks showed that the majority of titers to each of the antigens 
remained elevated for at least that period of time. In tire case of the CP, 70 
per cent of the pairs of sera showed no significant change in titer. In 10 per 
cent, there was a twofold fall in titer, and in 20 per cent, there was a twofold 
rise. Anti-S antibodies showed as high a titer after 4 months in 80 per cent, a 
fall in 10 per cent, and a rise in 10 per cent. The antistreptolysin titers were 
unclianged in 65 per cent of the pairs tested. The 4-month specimens showed 
higher titers in 10 per cent of the pairs, and slightly lower titers in the remaining 
25 per cent. In general the titer of all three antibodies was in the same range 
after 4 months of health as during the preceding episode of scarlet fever. 

Antibody Tilers in Acute and Quiescent Rdteumalic Fever . — ^The sera of 100 
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children with active rheumatic fever were examined for antibodies to these three 
streptococcal antigens, as well as the sera of 81 rheumatic patients in the qui- 
escent stage of the disease. The frequency with which various titers were found 
is shown in percentages in Fig. 2. 

Fig. 2 shows that the antibodies in all three tests were elevated in tiic great 
majority of active cases, in comparison with those of normal children shown in 
Fig. 1. In the case of quiescent rheumatic patients fewer elevated titers are 
found, but there are more of these than among the normal individuals. 

A comparison of the distribution of titers in active rheumatic patients witli 
tliose of normal controls of tlie same age group suggests a titer of 32 as a dividing 
line between the anti-CP titers of normal children and active rheumatic 
patients, 8 for the anti-S titers, and 128 as the analogous antistreptolysin level. 
The significance of these levels and of the difference between titers of normal and 
acute rheumatic children is brought out in Table Til. 

TABLE III 


Tiiers of Normal, Adive Rheumaiic, and Qtiiescent Rheumatic Children against CP, 
S, and Hemolysin, in Percentages 



CP 

1 

s 

• ASL 

Up to 32 

64 and 
above 

Up to 8 

16 and 
above 

Up to 128 

256 and 
above 

Normal children 

91 

9 

87 

13 

97 

3 

Active rheumatic fever 

13 

87 

4 

96 

17 

83 

Quiescent rheumatic fever 

69 

31 

73 

27 

so 

20 


Table III shows that a range of anti-CP titers exists which includes so high 
a percentage of normal children that, for streptococcal work, it can be considered 
the upper normal limit, and that the great majority of active rheumatic 
subjects have titers above that level. The same is true of anti-S titers. The 
analogous results with antistreptolysin titers confirm those recorded in tlie 
literature. The sera of quiescent rheumatic patients show a much smaller 
number of titers above the upper normal limit, but more than in the case 
of normal individuals. The average interv’als between the foregoing acute rheu- 
matic episode and the time of collection of serum freim these quiescent rheumatic 
patients were 17 months. 

Antibody Titers during Fluctuations in the Severity of the Rheumatic Process . — 
The great majority of the patients with acute rheumatic fever were followed into 
the stage of quiescence. A few had contmuous rheumatic activity either of 
fulminating severity ending in death, or of a low grade. A number, however, 
ran a classical polycyclic course with clearly defined recurrences or changes in 
clinical estimate of rheumatic activity. In the single rheumatic episodes 
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studied the titers of all three antibodies did not decline as the clinical activity 
of the disease subsided, but remained elevated for months after complete qui- 
escence of the rheumatic process, in the absence of any clinical streptococcal 
infection. The patients with a polycyclic course afforded an opportunity to 
correlate antibody titers with variations in degree of rheumatic activity. The 
charts of three such patients, shown in Fig. 3, reveal that, although the titers 
vary during the course of the rheumatic infection, there is no correlation with 
the rUniral changes used to evaluate the severity of rheumatic fever. In none 
of the cases shown had sufficient time elapsed between recurrences for the titers 
to fall to normal levels. 

DISCUSSIOK 

The presence of the antibodies measured in these studies in normal sera, and 
their concentrations at \'arious age groups, are a consequence of the prevalence of 
the hemolytic streptococcus in the hiunan throat and of the breadth of speci- 
ficity of the antigens. After several months or a year the infant has lost the 
streptococcal antibodies derived from the maternal blood; the titers are quite 
low at that age. ■ In childhood, however, as opportunity for contact with the 
ubiquitous streptococcus increases, higher titers appear and these are again 
slightly higher in young adults. Among the antistreptolysin values, the com- 
patison of titers between neonatal life, later infancy, and childhood is in good 
agreement with that reported for that test by Gordon and Janney (10). 

The prevalence of the hemolytic streptococcus and the broad specificity of 
these antigens are also the basis for the prolonged maintenance of elevated titers 
after acute streptococcal or rheumatic disease. In this case it is probable that 
minute amoimts of antigens, produced by streptococci too few in number to 
excite an iriflammatoiy reaction, suffice to act as “boosters” to maintain or raise 
a titer already elevated by disease. In the case of both streptococcal and rheu- 
matic infection. Mote and Jones (11) have shown that antistreptolysin titers 
may remain elevated for as long a period as 1 year, without clinical infection by 
the streptococcus. Solomon (12) has shown the same effect in streptococcal 
infection, and Yannet and Leibovitz (13) had similar results with anti- 
fibrinolysin in streptococcal disease. In the studies reported here anti-CP and 
anti-S titers were followed for 4 months after streptococcal infection. At the 
end of that time the average titers were the same as at the height of the disease. 
Following acute rheumatic infections there was a better opportunity to observe 
the rate of fall of the antibodies to CP and S. These antibody titers could 
remain elevated for many months after the evidence of rheumatic actmtj" had 
subsided. It is very likely that the greater percentage of elevated titers in the 
quiescent rheumatic group than among normal controls was due to the same 
phenomenon as that which keeps these titers above normal after streptococcal 
inf^tion, and not to any characteristic reaction of the quiescent rheumatic 
patient to these antigens. 








68 


STREPTOCOCCAL COXCPLEMENT FIXATION 



— eaaiu — ( ¥83 I 




T. N. HARRIS 


69 


The factors which account for the prevalence and persistence of these anti- 
bodies also make it necessarj' to assume an upper limit of normal titers which 
does not actually include the highest titers among normal subjects. As striking 
as is the contrast in distribution of titers betu'een active rheumatics and 
controls, it would be impossible to demonstrate it if one stipulated that the 
upper limit accepted for the normal population include all the titers found in 
that group. The epidemiologj' of tlie streptococcus makes it necessary to set 
the upper limit of normal at a titer which includes only 85 or 90 per cent 
of normal sera tested. Even without accepting the levels indicated in Table 
TTT as upper limits of normal for the respective antibody titers, the difference 
in distribution of titers between normal subjects and acth^e rheumatics is strik- 
ing, and statistically significant. The serologic tests with CP and S confirm the 
suggestion derived from antifibrinolysin and antistreptolysin tests that the 
active rheumatic patient is one in whom streptococci are present in numbers 
comparable to those in an acute streptococcal infection. 

It is not possible to be certain at present whether either of the new tests is 
preferable to the antistreptolysin test for general use. The anti-S titers show 
the greatest difference between the acute and quiescent phase groups. Wrhether 
this difference is sufficiently great to indicate the use of anti-S complement 
fixation for semiroutine work wiU be decided as additional serologic tests are 
done. 

The question inemtably arises as to the r61e of CP and S in the pathogenesis 
of rheumatic fever. It should be pointed out that if the pathogenesis of rheu- 
matic fever involves sensitization, it is possible that the sensitizing agent wiU 
not be detected by serologic tests, because there is no necessaiy quantitative 
correlation between the degree of sensitization and the titer of hmnoral anti- 
bodies to a given substance. Especially in the case of streptococcal immu- 
nolog}', the disturbing factor of pre-ralence of subclinical contacts with the 
organism would make the serologic identification of a streptococcal sensitizing 
agent ver}' rmlikely, should such an agent exist in rheumatic fever. The work 
presented here should not be regarded, therefore, as an examination of the CP 
and S as possible pathogenetic agents in rheumatic fever, but rather as a sero- 
logic exploration of sera of normal, streptococcal, and rheumatic subjects bj^ 
these new antigens. 


sxruiiARY 

Complement-fixing antibodies to the cjdoplasmic particles (CP) and to the 
S fraction of streptococcal nucleoproteins are present in normal human sera, 
the range of concentrations varying among the age groups. 

The titer of these antibodies rises between the first half-week and the 3rd 
week of scarlet fever, in more than SO per cent of the cases. The titers then 
remain elevated for at least 4 months. 
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In children, 91 per cent of the normal sera examined showed anti-CP titers 
up to 32; 87 per cent of sera in active rheumatic disease had titers above this 
level. Corresponding data with S fell in the same range of percentage dis- 
tribution. 

Anti-CP and anti-S titers remained elevated long after the rheumatic process 
had reached quiescence. No correlation of serologic titer with the degree of 
clinical activitj’- was found in the case of either antibody. 

The author wishes to thank Dr. A. C. LaBoccetta, of the Philadelphia Hospital for Con- 
tagious Diseases, for permission to obtain the serum specimens of the patients with scarlet 
fever, and Dr. Werner Henle, of The Children’s Hospital of Philadelphia, for the scrum speci- 
mens of older infants and young adults. 
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'^Hemorrhage is one of the important abnormalities occurring in animals and 
man exposed to large doses of ionizmg radiation delivered over the entire body. 
Femau, Schrank, and Zarsicki (1) as early as 1913, .reported hemorrhage in 
rabbits following tlie injection of one hundred or more electrostatic units of 
polonium. Death usually occurred before the 12th day, at which time the 
blood was incoagulable. These obser\'ations have been confirmed by Falta (2) 
and others (3, 4) . In these reports, hemorrhages were e.xtensive and all organs 
of the body were afiected. It was suggested that the associated thrombocy- 
topenia was the probable cause of the hemorrhagic states 
In the dog exposed to x-irradiation of the entire body many pathologic 
alterations may occur. The most obvious of these are hemorrhage and in- 
fection. Hemorrhage is capable in itself of killing the animal, and it may 
appear as a result of exposure to most forms of ionizing irradiation (1-6). 

The Irradiation Syndrome in Dogs 

The data comprising tMs report -nere obtained from studies on dogs ^ven an i-ray ex- 
posure of 450 roentgen units over the entire body."^ Dmly observations were made on each 
animal whenever possible, including the whole blood blotting times, tEe prothrombin time, 
clot retraction, eiythrocj-te count, leukocj'te count, dillerential leukocj-te count, platelet 
count, heiJiatocrit reading, and sedimentation rate. Daily recordings of the rectal temper- 
attnes were made and the physical condition of each animal was noted. The earliest signs of 
bleedingwere usually obsen’cd at thepoints of greatest trauma, cspedallyatthepointofneedlc 
pimcture. Hemorrhages in the mouth, the soles of the feet, and the subcutaneous tissue on 
the sides of the animal usually appeared first, generally during the 2nd week. The hemor- 
rhagic state progressed and there were spontaneous hemorrhages from the rectum, vagina, and 
urinatj" tract. At death, 2 or o days later, hemorrhages were the chief findings. They were 
abundant throughout the gastrointestinal tract and were most marked in the colon and 
proximal four-fifths of the stomach. Th^’ occurred throughout the small bowel but were 
more prominent in the duodenum and lower ileum. They were almost invariably present in 

* This paper is based on work performed under Contract No. W-7401 eng-.37 with the 
Jfanhattan Project for the University of Chicago. It will appear in part in Volume 22B of the 
Manhattan Project Technical Series as a part of the contribution from the Universitj’ of 
Chicago Project. 
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the heart muscle where blood was extravasated along the course of the coronar>‘ vessels. The 
lungs, parietal pleura, and diaphragm frequently showed extensive subscrous hemorrhages, 
and they were occasionally seen in tlie gall bladder, urinary bladder, and skeletal muscles. 
The lymph nodes throughout the entire body api)carcd swollen, hemorrhagic, and soft. Al- 
though grossevidence of hemorrhagewas not generally present in tlie solid organs, microscopic 
evidence of hemorrhagewas almost always found. In general those organs subject to motion 
displayed the most marked evidence of hemorrhage. 


TABLE I 

The average clotting time, hemocytologic findings, hematocrit reading, and sedim enta- 
tion rates are recorded for 25 dogs, exposed to 450 r over the entire body and untreated 
thereafter. The findings as given were complicated by occasional blood transfusions. 
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Many animals displayed bleeding ulcers in the mouth, duodenum, and especially in tlie 
colon. These hemorrhages were frequently complicated by infection. 

The remainder of the picture displayed by dogs was tliat of an acute intoxication. Thej’ 
became listless and failed to eat. Fever developed, the sedimentation rate was increased, 
leucopenia and thrombocytopenia appeared, and frequently bacteria could be found in tlie 
terminal blood smear. Death usually occurred between tlie 9th and the 12tli days. The 
hemorrhagic state was characterized bj' a prolonged clotting time whicli was easily studied. 

The picture displayed by these untreated dogs was almost uniform, although the survival 
times varied from 7 to 15 days with an average of 11 days. The hematologic findings and 
clotting results for all untreated animals were averaged and are presented in Table I. To 
shorten tliis table, some data have been omitted. 
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EXPERIMENTAL 

The technique used in the exposure was fairly constant- The source of s-ra3’s was a 200 
K.V.P. machine. The rays were filtered with 0.5 mm. of copper and 1 mm. of aluminum. The 
tube was operated at 15 milliamperes. The dosage rate was 6 r per minute as measured in air 
at a distance conespondng to the center of the animal’s body and was checked before each 
exposure. This method has been described by Hagen and Zirkle (7). 

The clotting studies made included the prothrombin time (8), the whole blood clotting 
time (9), and a heparin titration test carried out on whole blood. This last procedure will be 
described later. 

Because the course and laboratory findings displayed by the first animal, 
dog 1-08, did much to pattern the subsequent experiments, the observations 
made on this animal are presented as representative of the group. 

Dog 1-08, male, weighing 9.7 kilos remained in apparent good health for the first 
10 days after x-ray exposure. The dotting time, however, was markedly prolonged 
after the 6th day, and on the 9th day there was bleediif^ from the mucous membranes 
of the mouth and rectmn. The bleeding time was also prolonged and the animal bled 
fredy from all points of needle puncture even though some of these punctures had been 
made several days previously. On the 9th day the dog’s blood failed to dot and re- 
mained fluid in the test tube even after it became hemolyzed 2 days later. It could 
not be made to dot by adding thromboplastin, so the ordinary prothrombin time 
could not be determined. The platdet count on the 9th day was 260,000 and there- 
fore did not seem to account for the bleeding. The blood did dot, however, when 
trypsin, papain, or purified thrombin was added. Since prothrombin is necessary for 
trypsin to dot fibrinogen, and since papain or thrombin dot fibrinogen independent of 
prothrombin, these findings demonstrated that both prothrombin and fibrinogen were 
present. 

(n) Demonslralion of an Anticoagnlanl . — 

The failure of the blood to dot except when the above mentioned substances were 
added, even though thromboplastin, fibrinogen, prothrombin, and caldum were present, 
suggested that its incoagulable state might be due to the presence of an anticoagulant. 
This phase of the problem was next explored. 

The plasma of dog 1-08 was mixed at various concentrations with oxalated normal 
dog plasma. The dotting times of these mixtures were then determined after the 
addition of thromboplastin and caldum chloride. Under these conditions the 
dotting times of the normal plasma were prolonged. For example, when the mixture 
contained 25 per cent normal plasma and 75 per cent plasma from dog 1-08, the 
dotting time was 4 minutes. In contrast, when a mixture of 25 per cent normal 
plasma and 75 per cent normal saline was used, the dotting time was 20 seconds. 
The obserx-ations were repeated, using separately various amounts of abnormal plasma 
(dog 1-08) and similar quantities of saline, and the effects of each upon the dotting 
times of normal plasma obsen’ed. The results are shown graphically in Text-fig. 1, 
These findmgs indicated that the delayed dotting times of the normal plasma-ab- 
normal plasma mixtures were due to an active inhibition, not to mere dilution of 
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normal plasma by an inactive plasma. It was presumed that the abnormal plasma 
contained an anticoagulant. 



Text-Fig. 1. The inhibitory effect of the plasma of dog receiving 450 r on tlie clotting of 
normal plasma. 

In view of these findings, it seemed worth while to e-xamine the abnormal plasma 
for the presence of heparin, the only known, naturally occurring endogenous mam- 
malian anticoagulant. Heparin, an acid substance, can be bound and biologicaly 
inactivated by certain basic dyes and proteins (10, II). Protamine sulfate and 



ALLEN, SANDERSON, MILHAM, KIRSCHON, AND JACOBSON 75 

toluidine blue are both active in this respect and can be used to exclude heparin from 
the dotting system by the addition of just enough of either to overcome the anti- 
coagulant properties of heparin. These tests were made with the plasma of dog 1-08. 
Standard volumes of oxalated plasma with various amounts of toluidine blue or pro- 
tamine sulfate were incubated for 20 minutes, and then beef lung thromboplastin and 
caldum chloride were added and the dotting times determined. Both of these sub- 
stances proved capable of returning the dotting time to normal from its previously 

WHOLE BLOOD CLOTTING TIME 
Dog 5-1 Weigh! = 15.6 Kilos 



Text-Fig 2. Demonstration of the eBect of toluidine blue to return the prolonged clotting 
time to normal. The cur\’e is characteristic of the phenomenon in other dogs which had 
received 450 r. 

incoagulable state. The results are recorded in Text-fig. 2. The results of these two 
experiments suggest that some of the biochemical properties of the anticoagulant 
were similar to those of heparin. 

The amount of toluidine blue necessary to restore the normal dotting time in dog 
1-08 was calculated on the basis of these in vitro studies, after estimating the plasma 
volume; and this amount (25 mg.) was injected intravenously. Within 20 minutes all 
external bleeding stopped. Blood drawn at this time clotted within 4 minutes, while 
ftree separate samples, each distributed in a series of ten tubes, drawn just before in- 
jection remained fluid until they were discarded 2 days later. The blood from the dog 
was sampled on five more occasions during the 12 hour period following the injection, 
and on each occasion the clotting time was normal. Subsequently, it was observed 
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that gastrointestinal hemorrhages were ahva>^ present in the untreated animals, and 
that these could also be prevented by the administration of toluidine blue or protamine 
sulfate (Figs. 1 and 2). 

Botli toluidine blue and protamine sulfate proved anticoagulant in tlicmselves, 
when used in excess. Their anticoagulant properties are showm in Tables II and 


TABLE II 

Effect of Various Quautilics of Toluidine Blue on the “Prothrombin Time" of the 

Plasma of Dog 1-OS 
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TABLE III 

The Anticoagulant Effect of Toluidine Blue 


Toluidine blue 

"Prothrombin time" 

ms. per cc. of plasma 

sec. 

0.02 

28 

O.OIS 

26 

0.016 

24 

0.014 

23 

0.012 

23 

0.010 

22 

0.008 

20 

0.006 

20 

0.004 

19 

0.002 

20 

0.000 

20 


III. However, the amounts necessary to prevent clotting were considerably more 
than tliat required to establish normal clotting in dog 1-08, as was also the case in 
other dogs subsequently tested. 

(6) Observations on Other Factors Concerned 'with Coagulation . — Once it was 
possible to cause tlie plasma to clot, examinations for otlrer plasma or blood 
deficiencies relevant to coagulation were made. The factors examined in- 
cluded: plasma prothrombn, serum calcium, plasma fibrinogen, and the 
platelets. 
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1. Plasma Prothromhin: The prothrombin time was determined on the 
plasma of all the irradiated dogs. Except in the terminal state, it was found 
normal if the plasma was first incubated with appropriate amounts of toluidine 
blue or protamine sulfate. The latter proved more uniformly active, and save 
for the first few experiments, protamine sulfate was the agent used. When 
plasma was not first incubated with protamine sulfate, the “prothrombin 
time” was occasionally prolonged by the anticoagulant present. 

Vitamin K was administered to a group of irradiated dogs and was formd to be 
ineffective in preventing hemorrhage. Data from four of these dogs are pre- 
sented in Table JV. These animals received intravenously 5 mg. per day of an 
active vitamin K preparation (synkajrvite-Roche) throughout the post- 
irradiation period. Three of these animals diowed the usual prolonged clotting 
times which appeared 1 to 2 days before death. At autopsy hemorrhages were 
widespread, and there was no evidence that vitamin K was of therapeutic value. 

The fourth dog (No. 1-8) received, in addition to vitamin K, a single 200 mg 
dose of dicumarol 24 hours after irradiation. The effect of this drug was of 
interest in that a recovery of prothrombic activity did take place before the 
animal died. It will also be noted that while the prothrombin time recovered 
in this animal, the whole blood clotting time remained prolonged. 

Both toluidine blue and protamine sulfate proved ineffective in overcoming 
the prolonged prothrombin time induced by dicumarol administration to 
normal dogs. Six animals were given dicumarol for 2 days and when the 
prothrombin time was prolonged, toluidine blue was administered to four dogs 
and protamine sulfate was given to the remaining two animak (Table V). 
Five of the six dogs died on the Sth and 6th days from massive hemorrhage 
even though 3 to 5 mg. per kilo of body weight of these substances were ad- 
ministered daily for several days. The failure of these agents to influence the 
prothrombic activity under these conditions was not surprising. A fact of 
interest was that the prothrombin reduction in dogs 2-7 and 2-1, was not 
associated with a marked increase of the whole blood clotting timp until after a 
reduction to less than 20 per cent of normal jhad occurred. The extensive 
hemorrhages observed at postmortem seemed out of proportion to the pro- 
longation in the whole blood clotting time, an observtaion emphasizing the fact 
that the prothrombin time and whole blood clottmg times are different ex- 
pressions of hemorrhagic states and may on occasion be indices to chfferent and 
unrelated phenomena. 

2. Serum Calcium: Although there is no known spontaneous hemorrhagic 
state attributed to a deficiency of the calcium ion or luiown to be corrected by 
the administration of calcium salts, a study of the calcium, phosphorus, and 
magnesium ions in the irradiated animal was rmdertaken as a means of ex- 
ploring aU the theoretical possibilities of prolonging the whole blood dotting 
times. The results of these studies are reported in Table \T. Daily studies 



TABLE IV 

Failure of Vilamin K to Prevent Hemorrhages in Irradiated Dogs 



Intravenous administration, 
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were not carried out on all animals, although in no case was there more than a 3 
day period between determinations. The figures presented are averages based 
on the individual results obtained on all animals tested on a given day. The 
serum calcium was determined by the method of Cramer and Tisdell (12), 
the serum phosphorus by the Bodansky procedure (13), and the serum mag- 
nesium by Hoffman’s method (14). No significant deviations from the normal 
values^were observed, altliough the tendency to hemorrhage progressed until 

TABLE VI 


Average Values of Serum Calcium, Phosphorus, and Magnesium in Irradiated Dogs 
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10.3 

3.4 

2.2 

48 

84,000 

Two " " 

10th 

5 

10.2 

3.8 

1.9 

47 

76,000 

One dog " 

nth 

4 

10.2 

2.8 

2.2 

55 

59,000 


12th 

4 

ESI 

4.0 

2.6 

53 

52,000 

f( (C 1C 

13th 

2 

Eh 

3.7 

2.6 

35 

44,000 

Two dogs “ 

16tli 

2 

leg 


2.1 

31 

45,000 

Both dogs partially treated 



m 





for hemorrhage 


*Two control determinations were made on each animal during the week immediately pre- 
ceding irradiation. - 


deatli. Four exceptions were noted in four dogs not included in Table VI. 
The serum calcium levels in tliese animals were reduced, but these clianges 
occurred before hemorrhage developed. Four of the animals reported in 
Table VII were given calcium gluconate when hemorrhage appeared, but no 
improvement was noted. 

3. Plasma Fibrinogen: The fibrinogen level was not determned. The fact 
that an ample clot formed indicated the presence of fibrinogen. Clot re- 
traction, however, was retarded or [completely absent and this defect was 
closely related to the platelet count. 

There was some evidence that the clot itself was not entirely normal in the 
blood of the untreated irradiated dog. Tlie blood appeared to gel before an 










ALLEN, S,\NDERSON, IflLHAM, KIRSCHON, AND JACOBSON 


81 


actual clot was formed. The gelled blood could be reverted to a fluid state if 
the blood was shaken before a solid clot had formed. Considerable time often 
elapsed after the gel appeared before firm clotting took place. Shreds of 
fibrin did not appear until shortly before the solid clot appeared. This phe- 
nomenon, however, was not studied extensively, though the obser\'ation was 
made that it occurred also in slightly heparinized normal dbg blood in which 
coagulation was delayed. It was not observed in prothrombin-deficient dog 
blood or in human hemophilic blood in which the whole blood clotting time was 
prolonged. Once the clot began to form in these latter two conditions it was 
rapidly completed without visibly e.xhibiting any tendencj' to first gel. 

4. Platelets: The total number of circulating platelets is reduced after 
marked exposure to x-irradiation, and aplasia or the marrow may result (5, 6). 
IMiile the bleeding irradiated dogs of our series always developed a profound 
thrombocytopenia, this reduction of platelets did not alwaj-s coincide with the 
onset of bleeding. In some animals bleeding preceded thrombocytopenia, in 
others it developed afterwards, but the majority showed the reduction of 
platelets at about the time hemorrhage appeared. This relation was not that 
of cause and effect, as was demonstrated in dog 1-08. In this animal the plate- 
let count was 260,000 when hemorrhage began and the blood became inco- 
agulable. 

Once hemorrhage developed and the clotting time was prolonged, freshlj'’ 
drawn transfusions of citrated whole blood had little effect. Of all the measures 
employed, only toluidine blue or protamine sulfate proved effective. Certain 
other members of the thionin series (azmre A, azure B, thionin, and to some ex- 
tent methylene blue) were also tested and showed some antihemorrhagic 
effect, but, save for methylene blue, they proved too toxic for therapeutic use. 

The lack of a cause and effect relation between the thrombocj'topenia and 
the hemorrhagic state was also brought out by the fact that toluidine blue or 
protamine sulfate stopped the tendency to bleed but did not elevate the platelet 
count. In Table ITI are presented data on nine dogs whose clotting times re- 
turned to normal after dye injecton without any rise in the platelet count. 
This same phenomenon was even better demonstrated in anim a ls given re- 
peated injections of either toluidine blue or protamine sulfate which controlled 
the hemorrhage even though the thrombocytopem'a was marked. For example 
in dog 5-1 the clotting time was returned to normal on five occasions although 
the platelet count remained severely reduced from the seventh postirradiation 
day until death (Text-fig. 2). 

It would appear that the thrombocjdopenia associated with x-irradiation, 
in the dog at least, did not materially contribute to the prolonged clotting time. 
Just what may be the significance of the thrombocj'topenia with reference to 
the hemorrhagic state in this condition remains to be seen. The thrombo- 
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TABLE Vir 

Effect of a Single Injection of Tolnidinc Blue on the Whole Blood Clotting Time in Irradiated 

Dogs with Ilcmorrhage 


Dog. No. 


1-03 

Whole blood clotting time, min. 
Prothrombin time, per eent .... 
Platelet count, per c.mm 

1-08 

IVliole blood clotting time, min. 

Prothrombin time, per cent .... 
Platelet count, per c.mm 

3 

Whole blood clotting time, min. 
Prothrombin time, per cent . . . . 
Platelet count, per c.mm 

9-45 

Whole blood clotting time, min. 
Prothrombin time, per cent . . . . 
Platelet count, per c.mm 

1-0 

Whole blood clotting time, min. 
Prothrombin time, per cent . . . . 
Platelet count, per c.mm 

5- 1 

Whole blood clotting time, min. 
Protlirombin time, per cent . . . . 
Platelet count, per c.mm 

7-4 

Whole blood clotting time, min, 
Prothrombin time, per cent . . . . 
Platelet count, per c.mm 

6- 5 

ilTiole blood clotting time, min 
Prothrombin time, per cent . . . . 
Platelet count, per c.mm 


^\^lolc blood clotting times 


Weight 

11.2 

7.4 

11.0 

11.2 

10.6 

15.0 

15.5 

i 

I 

I 

i 9.5 


Total 
amount 
of dye 
given 

ms. 

10 


24 


SO 


50 


75 


80 


SO 


50 


Before 
dye in- 
jection 


U lirs. 
after 
injection 


<8 hrs. 
after 
injection 


72 hrs. 
after 
injection 


14 

100 


32 

100 


32 

100 

86,000 


84 

11 

90 

100 

100 

100 

20,000 

15,000 

15,000 

Inco- 

4 


agula- 



hie 



100 

100 


70,000 

70,000 


40 

26 

15 

100 

100 

100 

110,000 

96,000 

72,000 

56 

20 

36 

100 

100 

100 

48,000 

32,000 

40,000 

35 

4 


100 

100 


90,000 

70,000 


51 

2 

1 

100 

100 

100 

120- 

4 

6 

100 

100 

100 

90,000 

60,000 

60,000 

25 

16 

11 

100 

100 

100 

200,000 

200,000 

200,000 
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TABLE Vn—Cmtdtultd 




Total 

Whole blood dotting tines 

Doj. No. 

Weight 

amount 
of dye 
given 

Before 
dye in- 
1 jeclion 

24 hrs. 

after 

injection 

4S bra. 
after 

1 injection 

72 hrs. 
after 
injection 

4-99 1 

m 

au 

100 

28 i 

9 

29 i 





100 

100 

100 





160,000 

64 

150,000 

ISO 

140,000 

170 


5 

1 

1 

40 





8 

5 

2 


Platelet count, per c,mtn 



96,000 

100,000 

80,000 



mu 




TABLE Vm 


Results o] the Attempted Isolation of Heparin from theBlooi of Irradiated Dogs voith Hemorrhage 


Do*. No. 

Voltmie blood 

Whole blood 
clotting time on dar 
of death 

Heparin-like mate- 
rial obtained 

Units per mg. 



fnin. 



9-5 

475 

87 

11 

110 

9^5 

860 

65 

9 

100 

9-7 

320 

68 

6 

110 

9-8 

430 

47 

4 

90 


cytopenia may -well have been responsible for the impaired clot retraction and 
the prolonged bleeding time, neither of which responded to protamine sulfate or 
toluidine blue administration. 

(c) Aflemfls to Isolate Heparin . — Reported below is our experience with 
attempts at heparin isolation from the blood of irradiated dogs with hemor- 
rhage. The procedure of Jaques and Waters (15) was employed for this 
purpose. Efforts at isolating heparin from blood were complicated by the fact 
that in most animals the blood was not rendered entirely incoagulable but that 
instead the clotting time was prolonged to three to five times normal. This 
fact, coupled with the relatively inefficient method of heparin recovery, made 
this part of our problem especially difficult. 

Four dogs which had received 450 r irradiation over the entire body were 
exsanguinated under local anesthesia with novocaine, and the bloods obtained 
were ^parately analyzed for the amorphous sodium add salt of heparin. The 
resulUng data are presented in Table VJJLl. The anticoagulant property of the 
amorphous material obtained in each case was high, and when toluidine blue or 
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protamine sulfate was added to it in solution, its anticoagulant property was 
lost. About 3 mg. of dye was necessary to inactivate 2 mg. of the antico- 
agulant. This same ratio held also for protamine sulfate. In the case of the 
dye a small metachromatic precipitate formed in the bottom of tlie test tube 
about 20 minutes after the dye had been added. The anticoagulant was 
heat-stable at 100°C. for 20 minutes. 

The inefficiency of the method of isolation in our hands was demonstrated 
by the fact that in nine attempts at recovery of heparin from normal blood to 
which a standard sodium acid salt of heparin had been added, only 5 to IS per 
cent of the original material was recaptured. The greatest loss appeared to 
take place in the initial procedure of protein precipitation. 

DISCUSSION 

The experimental obsen'ations here reported suggest that tire defect re- 
sponsible for the hemorrhagic state in llie irradiated dogs was the presence of an 
anticoagulant in the blood. This substance so far as it was tested, resembled 
heparin. 

Heparin has been obtained in high degrees of purity by many workers, yet it 
is still known mostly by its biologic properties. It is thought to be a poly- 
saccharide with many sulfuric acid groups, and is classified as an ester of 
mucotin sulfuric acid, but its chemical identity is not yet known (11) . Certain 
of its constituents, especially its sulfur content and its crjfstalline charac- 
teristics are at the moment under controversy. While tlie material isolated 
from the blood of our animals seemed in no way dissimilar from a standard 
sodium heparin salt, we can class it only as “heparin-like” because the iden- 
tity of heparin itself is unknown. 

Different lots of toluidine blue have varied considerably in their antiheparin 
activity in viiro. Many samples of toluidine blue showed no activity even 
though they were obtained from the same source. The intravenous administra- 
tion of the dye, however, controlled bleeding even though the antilieparin 
activity was slight on in vitro titration, but a longer period of time was required 
to control bleeding in the case of the less active preparations. Titrations of 
heparin activity with protamine sulfate, however, were always satisfactoiy, and 
while some variations occurred from lot to lot, each new lot could readily be 
standardized against the standard heparin preparation. 

It was not the purpose of tliese experiments to increase the survival periods 
of fatally irradiated dogs, although the data suggest tliat when hemorrhage was 
controlled life may have been prolonged; the administration of toluidine blue or 
protamine sulfate at fairly frequent intervals lengthened life by an average of 
10 da)'S. The dose of 450 r x-ray used was approximately 150 to 175 r greater 
than the LDbo for dogs (300 r) and resulted in the death of the untreated animal 
after 11 days on the average. At 450 r there were no survivals in either the 
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control group or the animals given toluidine blue or protamne sulfate. The 
cause of death in these animals was not determined. Infection in the terminal 
phase was always a prominent finding, but probably other factors were in- 
volved. It is known that in less severely injured animals (dogs and rabbits) 
the marrow will recover to a large extent, even though at the height of the 
disturbance the histologic evidence of injury may be just as great in the animal 
which survives as in that which dies (7). This being so, the control of hemor- 
rhage in the less severely irradiated animals may contribute to the animal’s 
recovery. 

StTMMABV 

■Whm the entire body of dogs was exposed to 450 units of Roentgen irradia- 
tion a hemorrhagic syndrome developed which was characterized by thrombo- 
cytopenia, prolonged clotting and bleeding times, and neutropem'a. 

The prothrombin time remained normal until about 24 hours before death. 
The calcium, phosphorus, and magnesium levels were not altered. Fibrinogen 
was present but syneresis was poor. 

Toluidine blue and protamine sulfate, substances which can inhibit the 
biologic action of heparin, restored the clotting time to normal. 

The hemorrhagic state was not materially altered by transfusions, \-itamin K, 
or vitamin C. 

Toluidine blue and protamine sulfate were ineffective in the control of hemor- 
rhage produced by dicxunarol. 

^Jht defect responsible for bleeding after irradiation appeared to be the 
presence in the circulation of an anticoagulant whose properties, so far as 
tested, were indistinguishable from those of heparint,V^ 

BEBLIOGRAPHy 

iTFemau, A., Schranck, M., and Zaisicki, S., Siraklentherapie, 1913, 3, 333. 

’2. Falta, G., quoted by Lacassagne (3). 

Lacassagne, A., Lattes, J., and Lavedan, J., J. radiol. el ilectroL, 1925, 8, 1. 

-4. Shouse, S. S., Warren, S. L., and Whipple, G. E., J. Exp. Med., 1931, 63, 421. 

5. Prosser, C. L., el al., 22 B, Plutonium Project Report, in press. 

6. Warren, S., and Drager, R. H., U. S. Naval Bull., 1946, 46, 1349. 

7. Hagen, C. W., Jr., and Zirkle, R. E., 22 B, Plutonium Project Report, in press. 

.8. Allen, J. G., Julian, 0. C., and Dragstedt, L. R., Arch. Surg., 1940, 41, 873. 

9. Lee, R. I., and White, P. B^Am. J. Med. Sc., 1913, 145, 495. 

10. Chargoff, E., and Olson, E. B., J. Biol. Chem., 1938, 126, 471. 

11. Jorpes, E., Heparin, New York, Oxford University Press, 1947. 

12. Cramer, P., and Tisdell, O. 0., J. Biol. Chem., 1921, 46, 223. 

13. Bodansky, A., /. Biol. Chem., 1933, 92, 93. 

14. Hoffman, W. S., /. Biol. Chem., 1937, 118, 37. 

15. Jaques, L. B., and Waters, E. T., J. Physiol, 1941, 99, 454. 



86 


HEPAMNEMIA (?) 


EXPLANATION OF PLATES 
Plate 1 

Fig. 1. Typical picture of gastrointestinal tract of untreated irradiated dog (450 r). 





(Allen ct al.: Heparincmia (?)) 



Plate 2 

Fig. 2. Gastrointestinal tract of irradiated dog (450 r) treated with frequent in- 
jections of toluidine blue. Note, however, tliat the edema and tliickening of tlicgut 
wall persist. 
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THE LETHAL EFFECT OF RELATI\''E HUMHDITY ON AIR-BORNE 

BACTERIA* 

By EDWARD W. DUNKLIN^ THEODORE T. PUCK, Ph.D. 

(From the Departments of Medicine and Biochemistry, The University of 
Chicago, Chicago) 

(Received for publication, October 1, 1947) 

An understanding of the influence of atmospheric conditions on the viability 
of air-bome microorganisms is essential to any attempt to formulate the epidem- 
iology of air-bome infections. The influence of the relative humidity of the 
atmosphere has received inadequate quantitative study and conflicting effects 
have been attributed to it in promoting survival or destmction of air-bome 
pathogenic agents. Thus Williamson and Gotaas (1) concluded from their 
observations on Serratia niarcesceiis, Escherichia coli, Staphylococcns adbus, 
Staphylococcus aureus, a.nd Streptococcus salivaritts, that low relative humidities 
are more favorable than high ones for the viability of air-suspended microor- 
ganisms. Similarly, Edwards et al., and Loosli and his associates (2) reported 
that influenza vims dispersed into the air is killed much more swiftly in humid 
than in dry air, and DeOme (3) found that the death rate of Salmonella pttUonm 
atomized from aqueous suspension increases steadily with increase in the relative 
humidity from 15 to 80 per cent. On the other hand. Wells and Zappasodi 
(4) stated that hemolytic streptococci sprayed into the air are rapidly killed in 
dry atmospheres but are protected in the presence of moisture. In few of these 
investigations were many points on the relative humidity scale examined and 
in some cases, the e.xact values of the atmospheric moistme content were not 
determined. The marked influence of water mpor on the action of aerial 
germicides (5, 6) also makes desirable more careful study of its effects on micro- 
organisms. 

In the present study bacterial suspensions were atomized into an experimental 
chamber under controlled conditions of temperature and relative humidity, and 
the concentration of viable microorganisms remaining in the air after Ymrious 
time intervals was measured. 

Methods 

The eiperiments were carried out in the 640 cubic foot chambers previously described (7) 
which allow precise control of temperature and relative humidity over fairly wide ranges. 

* This wort has received support from the United States Public Health Service, the Bartlett 
Memorial Fund of the University of Chicago, and the Carbide and Carbon Chemicals Corpora- 
tion. 

f Submitted to the Graduate School of the University of Chicago in partial fulfillment 
of the rceiuiremcnts for the degree of Master of Science (Edward W. Dunklin). 

87 



88 


HUMIDITY AND AIR-BORNE BACTERIA 


Seven and a half hour cultures of microorganisms were grown in heart infusion broth (Difeo) 
containing added serum and dextrose, and suspensions prepared from these cultures were 
atomized into the experimental chambers for 1 minute b}' the standard technique already 
described (7). The bacterial suspensions were dispersed by reflux tj^ic atomizers (8) whose 
particle size distribution was measured by means of a cascade impactor* (9). 

By careful standardization of the spraying procedure it was found possible to introduce a 
fairly constant number of microorganisms into the 640 cubic foot chamber in cadi experiment. 
This number was fixed at about 5 million. Daily diecks on the total number of microorgan- 
isms discharged by the atomizer were carried out b3' repeating the spraying procedure with the 
atomizer connected directly to a bubbler sampler (10), so that the entire spray was absorbed 
in the bubbler fluid, aliquots of which were then plated in nutrient agar. The bacterial con- 
tent of the air was determined over a 2 hour period after atomization of the microorganisms, 
bj' means of successive 2 minute bubbler samples and by exposure of agar settling plates (7). 

TABLE I 


Survival of Pneumococci, Type I, Sprayed from Broth Suspension into Air at a Temperature 
of 22.2°C. and a Relative Humidity of 19 Per Cent 
hlass median diameter of tlic bacterial spray emergent from the atomizer was 3.2 u- 


Time of sample (interval between 
end of spray and start of sample) 

No. of pneumococci per cubic ft. of 
air recovered by bubbler sampler 

No. of pneumococci collected on 
a S min. settling plate 

miff. 

0 

5200 

332 

2 

4760 


5 

4580 

290 

10 

4000 

247 

20 

3800 

193 

30 

3240 

177 

45 

2700 

152 

60 

2420 

106 

75 

2240 

96 

90 

1940 

90 

105 

1800 

74 

120 

1620 

66 


The survival curves obtained by these two sampling metliods paralleled each other ver}' 
closely. By and large, the bubbler sampler values were somewhat more uniform, and so 
these have been used for calculations of the survival constants which will be reported here. 
A tj’pical experimental protocol is shown in Table I. 

The relative humidity was varied over a range extending from 3 to 80 per cent at three 
different temperatures, 14.4, 22.2 and 33.3'’C. For those regions of temperature and hu- 
midity where very high bacterial death rates were encountered, the results were checked by 
many repetitions of each experiment. 

EXPERMENTAX RESULTS 

The most striking fact revealed by these tests was the demonstration of tlie 
existence of a narrow range of relative humidity in the vicinity of 50 per cent 

> The same atomizer was employed for all the experiments here described, except for those 
in which the effect of changing particle size was studied. 
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which is rapidly lethal for microorganisms freshly sprayed into the atmosphere 
from a broth suspension. , The pneumococcus, a relatively delicate micro- 
organism, e.vhibited the greatest sensitmty to this killing action of the atmos- 
phere, while that of the streptococcus group C and staphylococcus was much 
less pronounced. In Fig. 1 are presented tjTpical results of experiments with 
the pneumococcus at three different relative humidities, which illustrate the 
capacity of the microorganism to survive for long periods at both very low and 
very high relative humidities, but not at intermediate values. 





0 k 5 “lo 50 40 50 60 70 80 50 100 IIO 120 BO MO 150 

TIME- AFTER INTRODUCTION OF MICROORGANISMS (MINUTES) 


Fjg. 1. Logarithmic plot of the survival of pneumococci spraj’ed from broth culture into 
atmospheres of various relative humidities, at 22.2'C. The cloud leaving atomizer had a 
mass median diameter of 3.2 p. Approximately equal numbers of microorganisms vrere intro- 
duced into the chamber in each experiment. 

Analysis of these survival curv^es reveals that at least two separate rate- 
determining lethal processes are involved. The initial one is always more 
rapid, and produces fairly extensive killing throughout the first 5 to 20 minutes 
after the droplets containing the microorganisms have been introduced into the 
air. The second decay process proceeds more slowly and generally lasts 
throughout the 2 hour obsen^ation period (Fig. 1). Both killin g processes 
give linear logarithig,ic surviral curves so that when the number of survivors is 
plotted as a logarilinuc function of the time, the resulting curve consists of 
two straight lines meeting at a point somewhere between 5 and 20 minutes after 
the introduction of the microorganisms into the chamber. The slopes of these 
two parts of the curves have been found to be influenced by the relative hu- 
midity and temperature of the air, the nature of the microorganisms employed, 
the composition of the liquid medium in which they are suspended, and the 
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particle size of the droplets in which they arc contained when sprayed into the 
atmosphere. Experimental effects demonstrating the operation of these 
factors have been studied in greatest detail for pneumococci. 

Experiments similar to those presented in Fig. 1 were carried out at many 
different relative humidities, using a serum-dextrose broth suspension of a 



0 10 ao 30 40 50 60 70 80 
RELATIVE HUMIDITY 


Fig. 2. Slopes of tlic logurithmic survival curves for pneumococci sprayed from brotli 
suspension into atmospheres of various relative humidities. Ki is the slope of initial part 
of the survival curve, and AT" is the logarithmic decaj’’ constant for the final portion of the 
curve. The value shown for K i at 50 per cent relative humidity, 0.32± 0.12, is the averaged 
result of more than a dozen experiments. Accurate values for AT- in the central humidity 
range could not be determined, because so few microorganisms survived bej’ond 20 minutes. 

7| hour pneumococcus culture. For each experunent, the numbers of sur- 
Auvors were plotted as a logaritlimic function of the time^as shown in Fig. 1) 
and values for the two constants, Ki and (which respectively represent the 
logarithmic rates of disappearance of ^^able microorganisms from the air during 
the first 10 to 15 minutes (A'l) and for tlie interval thereafter (As)) were de- 
termined at each relative humidity at 22.2°C. The atomizer employed in these 
tests produces a cloud of bacteria suspended in broth droplets, whose mass 
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median diameter^ is 3.2 fi, on issuing from the atomizer. A plot of the slopes 
of these survival cur\'es is presented in Fig. 2. It shows that within the narrow 
range of relative humidities between 40 and 55 per cent, the death rate of these 
microorganisms sprayed in the air from a broth suspension is enormously 
accelerated. 

Effecl of the Type of Microorganism. — Staphylococcus aibns and Strepto- 
coccus heiuolyticus group C exhibited the same kind of logarithmic survival 
cur\'es as that shown for the pneumococcus in Fig. 1. The effect of the relative 



Fig. 3. Logarithmic deca)- constants, and K; of hemolytic streptococcus group C, and 
Sfaphytocaccus albus, as a function of the relative hmnidit}' of the atmosphere. Microorgan- 
isms were sprayed from broth suspension. 

humidity on the death rates of these microorganisms also followed the same 
pattern. The only obseia'ed difference lay in the relative magnitudes of the 
effect and in slight displacement of the value of the relative humiditj'- producing 
the maximum death rate. The order of increasing susceptibilt 5 '' to this killing 
action of intermediate relative humidity was: hemolytic streptococcus group 
C, staphylococcus, and pneumococcus Type I. The effect of \*arious relative 
humidities on the sur\-i\-al constants of the streptococcus and staphylococcus is 
presented in Fig. 3. 

’ l.c. 50 per cent of the mass of the cloud was contained in droplets whose diameter was 
less th.m 3.2 p. 
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Ejffect of SctiUug . — It is necessary to know to wiiat extent this disappearance 
of the microorganisms from the air represents a real lethal process, ratlier than 
simply a removal of air-suspended particles by settling or coalescence. In 
order to test this point the series of experiments represented by the points of 
Fig. 2 was repeated witli a broth culture of microorganisms to which methylene 
blue had been added. Samples of the chamber air were bubbled through a 
solution of 70 per cent alcohol in H;0, at the same time intervals as those used 
in the previous experiments. Then tlie total amount of dye collected in eacli 
of these samples was determined photometrically In this way the rate of 
removal of these particles from the air by inelastic collisions with the walls and 
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TIME-AFTER INTRODUCTION OF SPRAY (MINUTES) 

Fig. 4. Determmation of settling rates by measurement of the persistence in the air of 
sprayed droplets containing microorganisms and a dye, at various relative humidities. The 
suspending medium was broth, and the instantaneous mass median diameter of the cloud was 
3.2 n. (The ordinate units are arbitrary’, the figures simplj' indicating the relative amounts 
of dj’e present in a cubic foot of air, as a function of the time.) 

floor of the chamber was determined. Sample plots of these data are shown in 
Fig. 4. The logarithmic curves so obtained also consist of ttvo straight lines 
with the break occurring at a point usually between 10 and 20 minutes. How- 
ever, when as in Fig. 5, the slopes of these curves are plotted for tlie entire range 
of relative humidity, no maximum occurs in either A’l or as was found for the 
recovery of viable microorganisms from the air. The rate of settling remains 
low at all relative humidities,® whereas the rate of disappearance of viable 
pneumococci, for example, may be increased by 50- to a 100-fold at inter- 
mediate relative humidities. Since the rapid disappearance of microorganisms 
sprayed from a broth suspension into atmospheres of intermediate relative 
humidity cannot be accounted for by settling or collision processes, a true lethal 

’ It is especially low below 12 per cent relative humidity. The sharp break in the curve 
at this point would indicate that complete dehumidification of these particles occurs at this 
relative humidity. 
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action must be operating at relative humidities in the neighborhood of 50 per 
cent/ 

An explanation for this rapid killing of air-borne microorganisms which occurs 
in atmospheres of intermediate relative humidities must be sought in an analj'sis 
of the processes which occur when bacteria-laden droplets are introduced into 
unsaturated air. Evaporation of water from such droplets first results in an 
increase in the concentration of any soluble substances present in the fluid 
surrountog the microorganism. If sufficient water is lost, one or more of 
these solutes may attain a concentration which is toxic to the cell. How- 
ever, at the same time, water is also lost from the bacterial cell itself. If the 
cell becomes highly desiccated it becomes resistant to many kinds of physical 
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Fig. 5. Slopes ol the settling curves of droplets of a 3.2 p cloud introduced into atmospheres 
of vaodag relative humidities. Ki is the slope of the initial part of the curve, and Ki the 
logarithmic decay constant for the final period. The difference between this curve and that of 
Fig. 2 indicates that the increased rate of disappearance of viable microorganisms from the 
air at intermediate relative humidities cannot be due to a settling process. 

Fig. 6. Logarithmic suTvi\-al constants of pneumococci sprayed from a distilled H;0 
suspension as a function of the atmospheric relative humidity. 


aud chemical stresses (11) and so acquires a degree of immunity to the destruc- 
tive action of the high solute concentration. 

The amount of water lost by such a cell depends upon the atmospheric 

* These data on settling also suggest that the more rapid rate of 'disappearance of a bac- 
terial suspenrion during the first 10 to 20 minutes after its atomization (i.e. the difference 
between Ki and 2vil is due to processes which selectively affect the larger parrides more than 
the smaller ones. Settling of the larger partides of the cloud during the first 10 to 15 minutes 
undoubtedly accounts for the increased Initial rate of disappearance of the dye aerosol. The 
same processes plus any influence which the larger partide size per se may exert in hastening 
the killing of bacteria contained tvithin the droplets would account for the existence of the 
two separate death rates, K\ and K-, which are characteristically obser\-ed when a doud of 
bactcria-contdning droplets is introduced into the atmosphere under the conditions described 
here (see below, section on particle size). 
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relative humidity and tlic binding energy between water and the i-arious 
cellular constituents. At very low relative humidities dehydration is so ex- 
tensive that a stable state may be achieved wherein the microorganism is not 
affected by the high concentration of solutes which remains. CoiU'ersel}’’, at 
high relative humidities, enough water is bound to and about the cell so that 
lethal conditions are not acliieved. The e.xperimenls here described suggest 
that at intermediate humidities, the amount of water retained in intimate 
association with the microorganism produces a critical state in the cell. In 
this condition the bacterium becomes highly susceptible to the toxic action of 
the unphysiologic concentration of solutes remaining from the original medium 
in which it was suspended. 

Ejffecl of Varying the Composition of the Suspending Fluid . — ^In the light of the 
foregoing analysis, it maj'- be predicted tliat if the microorganisms arc sprayed 
into air from a suspension in distilled water ratlier than broth, tlie rise in death 
rate at the intermediate relative humidities should be greatly reduced. This 
conclusion was verified experimentally. Seven and one-half hour cultures of 
pneumococcus, T 3 'pe I, were centrifuged, washed once in distilled H 2 O, and 
then resuspended in water before spraying into the experimental chamber. 
The survival rate was Uien determined in tlie standard manner. The char- 
acteristic linear logarithmic survival curves e.xhibiting a sharp break at the 
end of 10 or 15 minutes were obtained, exactlj>- like those obsen'^ed in the broth 
experiments. However, in contrast to tliese latter tests, substitution of dis- 
tilled water for broth completely elimmated tlie great increase in death rate 
at humidities around 50 per cent. The variation with relative humidity of tlie 
logarithmic surxdval constants of pneumococci spra 3 ’^ed into the air from a 
distilled water suspension is shown in Fig. 6. Comparison of the cun’es of 
Figs. 6 and 5 reveals that the survival pattern of these air-borne pneumococci 
is practically identical with that obtained for the persistence of an aerosol of 
dye droplets, indicating the absence of any lethal process. 

It became of interest to ascertain whicli of the components of the broth 
solution was exerting the toxic effects obsen’^ed at relative humidities in tlie 
vicinity of 50 per cent. Separate solutions of the various constituents of tlie 
nutrient broth were prepared and a solution of each component in turn, in tlie 
same concentration in which it occurs in the broth, was emplo 3 ’-ed as a sus- 
pending medium from which pneumococci were spra 3 ’^ed into the air. Sucli 
experiments revealed that NaCl present in the original solution in a concentra- 
tion of 0.5 per cent, was the agent largely responsible for the lethal action. 
All the other constituents of the nutrient broth, when tested either singl 3 ’’ or 
together failed to produce a marked lethal effect at intermediate relative hu- 
midities. Thus determination of the survival constants of a pneumococcus 
culture spra 3 'ed into the air from a suspension containing all the components of 
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nutrient broth except NaCl,® resulted in a pair of curv^es like that of Fig. 6. 
Conversely, when a solution containing only 0.5 per cent NaCl was employed 
survival curves superposable on those of Fig. 2 resulted. Thus the character- 
istic sharp rise in mortality rate at mtermediate relative humidities occurs only 
in the presence of the NaCl. 

In the light of these results, it was important to test the effect of relative 
humidity on bacteria sprayed into the air from -a saliva suspension. This 
fluid constitues the natural medium from which respiratory bacteria are in- 
troduced into the atmosphere, so that the survival pattern of microorganisms 
suspended in it would have direct bearing on problems of natural air-bome 
infection. Sali\’a was collected from hiunan volunteers who chewed paraffin 
for several minutes to induce a rapid flow. No attempt was made to free the 
fluid from its normal bacterial population, since in the final suspension which 
was prepared, these microorganisms were so far outniunbered by the pneu- 
mococci as to represent a negligibly small degree of contamination. A 7^ hour 
culture of pneumococci Tj’pe I was spun down and resuspended in an equal 
volume of saliva. The resulting suspension was immediately transferred to the 
atomizer and sprayed into the chamber by the standard procedure used in the 
preceding e.xperiments. The resulting survi\'al pattern was identical with 
that obtained when broth or saline (Fig. 2) was used as the suspending me- 
dium, rather than the distilled water type of curve (Fig. 6). 

E£ecl of (he Size of (he Droplet . — If death of bacteria sprayed into the air 
from a broth or saliva suspension is indeed due to a process connected with 
deh\'dration then an atmospheric relative hiunidity which is ordinarily lethal 
should be much less so when the bacteria are suspended in small droplets rather 
than in large ones. This follows because the smaller droplet, containing a 
smaller total amount of the injurious agents exposes the microorganism to a 
lower concentration of them as dehydration proceeds. This effect was tested 
by comparing the surviral rates of pneiunococci spra3’ed into the air from a 
serum-de.xtrose broth suspension, b)’- two different atomizers, delivering clouds 
whose instantaneous particle size distributions corresponded to mass median 
diameters of 1.6 p. and 3.2 p respectively. A typical set of e.xperiments at 
22.2°C. and 50 per cent relative hiunidity is presented in Fig. 7, demonstrating 
the greater rate of killing for the pneumococci suspended in the larger droplets. 
In a series of over fifteen experiments at 22.2°C. the average value of Ki, the 
decay constant observed during the first 10 to 20 minutes after the end of the 
spray, was 0.012 ± 0.005 per minute for the 1.6 p particles, and 0.32 ± 0.12 
per minute for those 3.2 p in diameter. The average value of K«, the killing 
rate during the second part of the sundval cun-e was 0.045 per minute for the 
1.6 p particles. (So few bacteria remained alive at the end of 20 minutes that 

‘ I.i. this solution contained 1 per cent peptone, 1 per cent trj-ptose, 0.05 per cent dextrose, 
and 2.0 per cent serum. 
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Fig. 7. Effect of cloud particle size on the surv'ival of pneumococci spraj'cd from broth 
suspension into an atmosphere of 50 per cent relative humiditj' at 22.2®C. 




RELATIVE HUMIDITY 

Fig. 8. Effect of temperature on the survival constants of pneumococci sprayed from broth 
suspension into atmospheres of vari'ing relative humidity. 
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it was impossible to obtain a satisfactory value of for the 3.2 fi particles at 
50 per cent relative humidity.) 

Effect of Temperature . — ^The influence of temperature changes on this lethal 
process was also studied. The survival of suspensions of pneumococci in 
broth sprayed into the air at various relative humidities, was measured at 
14.4°C. and 33.3°C., as well as at 22.2°C. As might be expected a pronounced 
temperature coefficient was observed, Ki varying by a factor of fifteenfold 
between these temperature e.xtremes. Values for Ki and Ks as a function of 
the relative humidity at the three temperatures are contained in Fig. 8. As 
before, the values for Ks in the intermediate humidity zone are imcertain at the 
two higher temperatures, since the extremely high initial death rates under 
these conditions leave too few survivors to enable the subsequent lethal process 
to be studied. 


DISCUSSION 

VTien a suspension of a given composition is atomized into the atmosphere 
the ultimate extent of dehydration depends on the relative humidity, since the 
droplet eventually comes into a condition of equilibrium with the atmosphere. 
Wffien this occurs, the water content of the particle will be such that the aqueous 
tension within it is equal to the partial pressure of water in the air. At low 
relative humidities, then, a particle containing a microorganism will have lost 
almost all its water — even some which may have been in fairly tight chemical 
combination with certain cellular constituents. At high relative humidities, 
however, even very loosely bormd water will be retained. At intermediate 
relative humidities, partial dehydration of the various cellular systems will 
occur. Calculation shows that even at a relative humidity of 50 per cent, 
spherical droplets of distilled water can evaporate from an initial diameter of 
3 to one-tenth that size within 0.004 second.® This time is much faster than 
any of the death rates observed in the experiments reported here so that the 
evaporation process would be finished before the lethal process was well under 
way. Hence, the rates of killing obser\>-ed in these experiments must be in- 
terpreted as constituting the natural mortality of the microorganisms in a given 
chemical environment, when in a state of hydration which is in equilibrium with 
the prevailing relative humidity. 

If the theoretical formulation here proposed is correct, then the lethal action 

‘ The rate of evaporation of small droplets in unsaturated air has been shown to proceed 

according to the equation (12) : — = ■ (ft ~~ ?«) where .4 = area of the droplet, D — 

diBusion coefEcient of the vapor, equal to 0.24 cm’ per second for water vapor in air at room 
temperature; .If = molecular weight of the vapor, 18.0 for H;0; = gas law constant, 62,400 

cc. X mm. Hg. mole'* deg."'; T = absolute temperature, 295'’ A;d = density of the lique- 
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observed at intermediate relative humidities is not due simply to the salt 
activity by itself. Droplets of pure sodium chloride solution sprayed into the 
air become saturated with this solute at a relative himiidity of 75 per cent 
(13) nnd at lower humidities would dry out completely. However, in our 
experiments microorganisms suspended in pure saline showed a maximimi 
lethal effect at relative humidities near 50 per cent rather than at 75 per cent. 
This apparent discrepancy can be explained if one considers that in a bacterial 
suspension the salt enters into solution and association with some of the cellular 
constituents. The maximum lethal action of the salt which is bound within the 
cell, is exercised at the relative humidity which dehydrates the microorganism 
to the point where it becomes most vulnerable, rather than at one which is in 
equilibrium with a saturated solution of pure NaCl. 

The present experimental results have been e.xplained by postulating the 
existence of a critical degree of moisture content at which a bacterial cell be- 
comes much more susceptible to toxic agents than when it contains either more 
or less water. Other lines of evidence indicate that this is a phenomenon char- 
acteristic of bacterial systems. This principle underlies the lyophilization 
process for preparing dried microorganisms in a viable condition. If water is 
removed from such cells at room temperature, the cultirre dies with great 
rapidity. Hence, in order to avoid destruction the bacteria are first cooled to a 
temperature so low that the rate of tliis letlial process is greatly diminished. 
Then the water is removed as rapidly as possible. Once dehydrated beyond 
the critical region, the cells can again be warmed to room temperature without 
extensive mortality. Application of these considerations has made it possible 
to devise a simple method for drying microorganisms without resorting to the 
low temperatures utilized in the lyophilization process. It has been found 
that cells may be deh5T:ated at room temperature without loss of viability pro- 
vided that the desiccation is so rapid that the stable state is achieved before 
the lethal processes have had time to operate. These studies will be described 
in a forthcoming publication (14). 

The greatly increased efficacy of steam sterilization over dry heating doubt- 
less stems from the same phenomenon. Microorganisms heated in the presence 

fied vapor, which is unity for water; po = partial pressure of water vapor in the atmosphere, 
which would be equal to the product of the atmospheric relative humiditj’’ and the vapor 
pressure of water at the temperature of the experiment; and pg = pressure of water vapor 
in equilibrium with the droplet. For droplets of pure water, p' would be equal to the pure 
vapor pressure, which is 20.1 mm. Hg. at 22.2°C. If the droplet contains other substances 
dissolved in the aqueous phase, p' would he lowered by an amount corresponding to the vapor 
pressure lowering produced by the combined solutes. The presence of salts and proteins 
within the droplets would decrease the rate of evaporation somewhat but not even a saturated 
salt solution would lower the vapor pressure sufficiently to decrease this evaporation time by a 
significant amount. 
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of steam are roaintained in a state of intermediate hydration which makes them 
more susceptible to the killing action of the high temperatures than would be 
the case if they were allowed to dry out completely. StiU another example of 
the operation of this same eflfect may be found in the diminished effectiveness 
with which aerial disinfectants such as the glycols, kill air-borne microorganisms 
at low relative hiunidities (5, 6). This effect is partly due to failure of the 
germicidal vapor to condense as readily on the desiccated particles which are 
produced when a bacterial cloud is dispersed in a very dry atmosphere. How- 
ever, recent e.xperiments in vitro have also demonstrated that completely de- 
hydrated bacteria are more resistant to the killing action of the glycols in the 
liquid state (15). 

The \alues for Ki and as here calculated represent the logarithmic rates of 
remo\al of ^^able bacteria from the atmosphere, and so include both the settling 
rates and the lethal process due to the presence of NaCl at the critical atmos- 
pheric humidity. "ftTien the appropriate settling rates obtained from Fig. 5 
are subtracted from these, extremely small values are obtained for the mor- 
tality rates at both very low and very high relative hmnidities for the three 
microorganisms tested here. In some cases, the result is negative, which 
simply means the death rate is too small to be evaluated accurately by this 
technique. 

The nature of the lethal action exercised by NaCl at the critical levels of 
cellular dehydration probably involves denaturation of one or more essential 
en^me systems. Further study of the mechanism of this killing process arid 
of the behavior of bacterial cells in varying states of hydration is being carried 
out. 

Evaluation of the significance of the results reported here for epidemiological 
problems must await further study. It will be necessary to test in more detail 
the beha\rior of a larger number of pathogenic agents, particularly those of the 
^'i^us group. It is possible that these effects may help to explain certain 
features of the seasonal pattern of spread of some respiratory diseases. The 
possibility also exists that humidity regulation by itself might prove to have 
some effect as a prophylactic measure. Preliminary experiments have shomi 
that by the introduction of a carefully regulated amount of steam into the air 
of a chamber it is possible to rehumidify and produce rapid and extensive 
killing of an aerial dispersion of pneiunococci which have been allowed to 
become highly desiccated by an hour’s sojourn in an e.xtremely dry atmos- 
phere. WTiile the raising of the relative humidity to the 50 per cent point may 
not reduce aerial contamination to the same extent as can be achieved by 
glycol TOpors or ultraviolet irradiation, the simplicity of this measure would 
commend its use in a large \'ariety of situations if it could be shown to exercise 
even a partially beneficial effect. 
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SUMiDVRY 

The viability of pneumococcus, Type I, sprayed into the atmosphere from a 
liquid suspension was measured as a function of the relative humidity. When 
broth, saliva, or 0.5 per cent saline solution is employed as the suspending 
medium, a very high mortalit}'- rate is observed at relative humidities in the 
vicinity of 50 per cent. However, at humidities above or below this value the 
microorganisms survive for long periods. 

Measurement of the rate of settling of droplets employed in these e.xperi- 
ments demonstrated that the disappearance of microorganisms from the air is a 
true lethal process, rather than a manifestation of aerosol collision processes. 

When a saline-free fluid was used, the sharp peak in death rate at inter- 
mediate relative humidities disappears. 

The lethal effect of intermediate relative humidities on pneumococci atom- 
ized from a saline-containing suspension is increased when the particle size of 
the atomized droplets is increased or when the temperature is raised. 

Cultures of hemol}'’tic streptococcus group C and staphylococcus sprayed 
from a broth medium exhibit the same general survival pattern as a function of 
relative humidity although the mortality rates are smaller than that of the 
pneumococcus. 

These effects can be explained by assuming the existence of a critical degree 
of cellular dehydration at which microorganisms become much more sensitive 
to toxic agents than in states where either more or less water is bound to the 
cell. 

The results presented here may be significant in elucidating certain aspects of 
the epidemiology of air-borne infections. 
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AATiat are the requisites for a demonstration of the influence of diet on an 
infection? Our preceding inquiries (1, 2), using a “natural” disease in a 
“natiual” host, Salmonella infection in Mits mnsculns, demonstrated that there 
were two necessary conditions which had to be fulfilled in the laboratory set-up 
employed before the outcome of an infection could be measurably influenced 
by diet. These conditions were (a) genetic heterogeneity in the host genotype 
(1), and (6) an array of variation, in terms of Aurulence, among the pathogen 
population introduced (2). Given these conditions more infected animals 
surrdved on a diet of natural foodstuffs, whole wheat, and whole dried milk, 
than on an otherwise nutritionally adequate diet composed of purified and 
synthetic materials, a so called “s 3 mthetic” diet (1, 2). Moreover, the indica- 
tions were that the increased survivorship* was due to a certain nutrient, for 
the effective increase in survivorship was shown to be transferable by the 
addition of whole wheat to the synthetic diet. WTiole dried milk additions 
did not produce such an effect (1, 2). The nature of the factor present in whole 
wheat remains unknown. 

Foremost among the technological requirements for the identification of a 
qualitative factor in nutritional e.xperimentation is a revealing method of assay. 
In the instance here under consideration a statistical increase in survivorship 
was the sole index of actmt}' available. The biological bases for the statistical 
character of this index have been discussed previous^ (1-3). Obviously the 
assay method should be such that the response in increased survivorship would 
be maximal and the statistical demands consequently minimal. Experiments 
which have led to the choices for this arrangement of the laboratory infection 
model are the subject of the present paper. 

• It has been found useful to employ “survivorship” to denote the state of being a survivor 
o! an infection. It is this state of surviving without further jeopardy from the infection which 
IS the basic issue at stake in our inquiries rather than the more temporary extension of the 
duration of life implied by “survival.” Survivorship, as an attribute of a population, is meas- 
ured here by the per cent of survivors, following an infection, after a time interr-al long enough 
(30 days) to indicate no further significant change in this statistic. “Increased survivorship” 
thus means an increased statistical number of survivors. 
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Materials and Methods 

Animals . — ^Tlie animal slock used was a strain of W-S\viss mice, tlic same employed in 
previous investigations (1, 2). The program of outbreeding, previously described (2), has 
been continued and the slock is free from Salmonella. 

Pathogen . — Two cultures of Salmonella (yphimurstiin (IV, V, XII: i-1, 2, 3) used previously 
(2) and obtained originally from Dr. G. M. Alackcnzic, of Uie Mary' Imogenc Bassett Hospital 
of Cooperstown, New York, were used. One culture, TMO, is relatively avirulcnt for uni- 
formly susceptible mice and the other, BA-, is highly virulent. Tlic origin of these strains 
has been described by Mackenzie, Titzgerald, and Pike (4). Mthough tlie strains differ 
widely in virulence, tliey are botli smooth, arc indistinguishable in cultural, serological, im- 
munizing, and toxigenic characters, and do not differ significantly in invasiveness and resist- 
ance to phagocytosis (Pike and Mackenzie (5)). All cultures were perpetuated bj' preparing 
nutrient agar stabs with broth cultures of the organisms, incubating for 24 hours at 37.5°C., 
and then storing in the ice cliest at 4‘’C. Fresh transfers were made at approximately monthly 
intervals. 

TNvo tedmiques of infection were used in the current investigation. In one already de- 
scribed (2) tlic mice, individually caged and with food and water withheld during tlic preced- 
ing 18 hours, drank a 0.25 ml. saline suspension of the bacteria from shallow artist’s glazed 
palette cups. The second method was intraperitoneal injection of the bacteria, in 0.25 ml. 
of saline. The method used will be stated in each protocol. 

Environment . — ^All of the experiments have been performed in the two air-conditioned rooms 
previously described (1). These rooms provide a constant temperature of 80° ± 0.5°F. and 
a constant relative humidity of 50 ± 3 per cent. The artificial lighting (fluorescent) is 12 
hours per day, 6 a.m. to 6 p.m. 

Diet . — Tlie dietary effect on natural resistance whidi has been studied here is the dif- 
ference in the percentageof surviving W-Swiss mice when infected while on a diet of natural 
foodstuffs (diet 100) and a “synthetic” diet (diet 191) respectively. Previous investigation 
(1) had shown a higher survivorship (approximately' 25 per cent) in the case of tlie natural 
diet. 

The composition of these diets is as follows; 


Diet 100 — “Natural Diet” 

r«. 

Ground whole w'heat 66 

Dried whole milk . . 33 

NaCl . . 1 

100 

Diet 191— “Synthetic Diet” 

set. 

Casein (Labco, vitamin-free) . . 18.0 

Glucose (cerelose). . . 72.55 

Salts W-2* 4.0 

/-Cystine. . 0.2 

Water-soluble vitamins ... . 0.25 

me. 

Thiamine hy'drochloride 2.5 

Riboflavin. . . . 5.0 

Pyrido.xine hydrochloride 2.5 


For composition of salts W-2 see reference 1. 
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jm. 

ms. 

Ca pantothenate 10. 0 

Niacin 25.0 

Choline chloride - 100.0 

Para-aminobenzoic acid 5.0 

Inositol 100.0 

250.0 

Fat-soluble vitamins, in cottonseed oil (Wesson) 5.0 

ms. 

^-carotene i 0.72 

Viosterol (170 i.u.) 

2-Methyl-l,4-naphthohydroquinone diacetate 0.33 

a-Tocopherol acetate 11.7 

Total 100.0 

Both diets; Distilled water ad libiliim. 


Under the environmental conditions already described the mortality risk pf uninfected mice 
on either of these diets is nil. For growth records of W-Swiss mice on these two diets, see 
reference 1. 

Statistical Methods . — ^The statistical validity of differences in survivorship has been evalu- 
ated by application of the x* test. In those instances in which a fourfold table has been 
applicable the correction of Vates has been introduced. 

The Components of the Infection Model 

In the assembly of an infection model suitable for the study of the influence 
of nutrition on survivorship following bacterial infection it has been adran- 
tageous to settle on a choice of the W-Swiss strain of laboratory mouse for the 
host component (1). This choice provided a suitable supply of mice of a satis- 
factory degree of genetic heterogeneity and without experience with the 
pathogen to be used, the genus Salmonella? As concerns the second com- 
ponent of the infection model, the pathogen population, findings already re- 
ported (2) indicated that therein lay possibilities of mcreasmg the dietary 
eSect on survivorship, sharpening, so to speak, the tool of our investigations. 
If, as has been shown (2), the dietarj' effect on survivorship is dependent upon 
a varied array of virulence among the pathogen population, then one might 
depend on some “stable” culture of Salmonella in which a distribution of de- 
grees of virulence exists. But in so doing we would remain ignorant of possible 
shifts in the frequency distribution of the components and hence our e.xperi- 
ments would remain at the mercv’" of factors not under direct control. Natural 
populations of Salmonella are probably composed of statistical distributions 
of such components over a more or less continuous spectrum of virulence; for 
it is a common finding in bacteriology to encounter considerable variation in 
the virulence of pathogen populations upon initial isolation from the natural 
infection. It appeared desirable, therefore, to arrange for the compound 

-The Ufe of “wild” house mice as a more “natural” host, and containing, presumably, a 
greater degree of genetic heterogeneity will be treated in a separate publication. 



106 HOST HHTRITION AND NATURAL RESISTANCE TO INFECTION, m 


nature of the test pathogen population by assembling it from two stable popu- 
lations of the same species of Salmonella which differed widely in virulence. 
Two stable S. iyphimnrium cultures, the avirulent TIMO and virulent BAj cul- 
tures of Mackenzie (4, 5) were cliosen. Still another reason dictated this 
choice. Separate control of each of the population components offered the 
possibility of determining by dosage the relationship between the two; for if 
the important event in the dietary effect on survivorship was dependent quali- 
tatively upon the presence of the two population components, then the quan- 
titative nature of the survivorship difference, not inconceivably, might rest 
on the numerical relationship between the two. This seemed to offer the possi- 
bility of enhancing tlie survivorship difference due to diet. Operations of this 
sort though they do not mimic natural events of disease, provide abstractions 
of them in a form suitable for study, and thus overcome the confining conse- 
quences on the dietary effect both of the evolution and domestication of the 
mouse host and the artificiality of laboratorj' cultivation of the bacterial 
pathogen (see (3)), 

The Unstable Homogeneity of Virulent S. typhimurinm 

The relative avirulence of the TMO strain of S. typhimurinm in brotli culture 
has proved practically unvarying both in Mackenzie’s laboratory and our own. 
In utilizing Mackenzie’s virulent BA 2 strain, however, in order to eliminate 
the heterogeneity which it demonstrably contained (2), a fresh culture (BA 2 - 
SC-I) had been derived from a single colony picked from dilution plates. 
This culture had proved to be virulent and produced identical mortality rates 
in W-Swiss mice prepared either on the natural (diet 100) or the “synthetic” 
diet (diet 191) (2). The question arose, however, whether the presumptive 
homogeneity of the newly selected and virulent BA 2 SC-I would persist, or 
whether, as seemed probable, bacterial variation would spontaneously arise, 
with a consequent rise in survivorship (since the culture would be more likely 
to vary in the direction of avirulence) and the emergence of a dietary difference 
in survivorsliip due to the reestablished heterogeneity. This possibility of the 
spontaneous rise of variation in virulence during storage of a homogeneous 
culture was tested in tlie following experiments. 

On three separate occasions samples of 100 w eanling W-Swiss mice, 3 to 4 weeks of age, were 
taken from the outhred W-Swiss colony and divided equally, by litter and se.x, into two groups 
of 50. The animals were transferred to air-conditioned Room 1 and housed in groups of 12 or 
13 in tlie standard monel metal boxes containing purified filter paper pulp as bedding. One 
group was fed diet 100 ad libitum, the second group diet 191, for a period of 3 weeks. The 
animals were tlien removed to individual cages in air-conditioned Room 2 and food and water 
11 ithheld for 18 hours. At the time of transfer to Room 2 the mice had the following average 
body weights; diet 100 males, 23 gm.; females, 20 gm.; diet 191 males, 20 gm.; females, 18 gm. 
The mice then were offered 0.25 ml. of a saline suspension of 10® cells of an 18 hour broth culture 
of BA 2 SC-I which had been seeded, in the first e.xperiment, directly from tlic colony jiicked 
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from a dilution plate of the parent BAj culture, and in the second and third experiments from 
an agar stab prepared from this first BAjSC-l culture and which had been held in the ice chest 
at 4°C. for 22 and 36 daj's respectively. Dosage was adjusted in each experiment by means 
of a calibrated photoelectric denatometer and was accurate to within 10 per cent as checked by 
dilution plates poured at the time of infection. 

Three hours after the cultures had been oS'ered the animals the infection period was termi- 
nated and those which had not consumed the dose were discarded. The others were again 
supplied with the appropriate diet and water and observed for 30 days. Deaths were recorded 
daily.' 

The results of the experiments are set forth in Table I. The data indicate 
that, -with time, variation in virulence arose spontaneously, and after storage 
of the seed culture at 4°C. for 36 days a prepared broth culture derived from 


TABLE I 


Spontaneous Changes in a Stored (•4°C.) Culture of S. iyphimtirium Derived from a Single 
Colony, as Revealed by the Changing Diet Effect on Survivorship 


Expciimcnt 

No. 

Date 

Time 

stored 

30 day 

survival, W-Swiss mice* 

SurvivojsHp 

difference 

P 

: Diet 100 

! Diet IPt 

S/B 

%S{ 

SA 

%s 



days 





ftr ctni 


181 

3/27/46 

0 

31/50 

62 


58 

4 i 

>0.8 

184 

4/18/46 

22 

35/48 

73 i 


61 

12 

>0.3 

186 

5/ 2/46 

36 

44/50 

88 



20.7 

<0.05 


* 100,000 cells, per os. 
t S/1, survivors/infected in test, 
§ %S, per cent survivors. 


it had enough variation to make possible increased survivorship on diet 100, 
an increase of 26 per cent (P < 0.01) and the emergence of a dietary difference 
effect on survivorship between diet 100 and diet 191 of 20.7 per cent (P < 0.05). 
It was e-vident that it would be difficult to preserve a homogeneous, xdrulent 
culture of BAj, and prepare subcultures for use, without the gradual rise of 
variation in virulence, at least by these methods. 

If the spontaneous rise of variation in -virulence defeats the aim of laboratory 
perpetuation and the preparation therefrom of cultures of S. iyphimuritim 
homogeneous in -virulence then, it next occurred to us, perhaps such uniform 
cultures might be prepared, each time one was required, b}’- using directly as 
seed the presumptive^ uniform cells of a single colony of the original BA^ 
culture as presented by the fresh preparation of a dilution plate. This notion 
was put to trial: — 


On five separate occasions samples of 100 weanling W-Swiss mice, 3 to 4 weeks of age, were 
taken from the outbred W-Swiss colony and dh-ided equally, by litter and sex, into two groups 
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of SO. One group was fed diet 100 ad libitum, the second group diet 191 for a period of 3 weeks. 
Housing and care were as previously described as was the subsequent per os infection, obser- 
vation, and recording of deaths for tlic poslinfcction period of 30 days. 

Five different cultures of S. lyphimurium, BAj, were used in these five c.rpcrimcnts. These 
were, respectively, an IS liour brotli culture of the parent BAj population, and four 18 hour 
brotli subcultures seeded directly from single colonies picked at random from dilution plates 
of the parent BAj population which had been poured and incubated in the 18 hours Just pre- 
ceding each such picking. Dosage in all instances was 100,000 viable cells, by mouth. 

The results of the live e.vperiments are presented in Table II. It is evident 
that tlie parent BAz Salmonella population was heterogeneous with respect to 
virulence, for there occurred not only a definite dietary difference in survivor- 
ship (24 per cent, P < 0.05) but the four single colony cultures picked from 

TABLE II 


Virulence Differences among Single Colony Cultures Derived from a Parent Culture of S. 
typhimurium (B/l.) or Measured by Survivorship of B'-Sa'/rr Mice Reared on Two 

Different Diets 


Espcrimcnt 

No. 

1 

1 

1 

CuUuic tested, per os 
(dose, 10') 


30 day survival 


Dictatj’ 

difference 


Date I 

1 

Diet 100 

Diet 191 

P 


1 

1 


S/I* 

%SJ 

S/I 

%s 



180 

3/ 8/46 

Parent BA- 

27/50 

54 

15/50 

1 

30 

per cent 

24 

<0.05 

181 

3/27/46 

Single colony 1 

31/50 

62 

28/48 

58 

4 

>0.8 

189 

6/13/46 

<( t( r) 

35/49 

71.4 

23/48 

47.9 

23.e 

<0.05 

191 

6/19/46 

« « 3 

48/50 

96 

36/40 

90 

6 

>0.3 

192 

6/26/46 

(( it ^ 

45/50 

90 


78 

12 

>0.1 


S/I, survivors/infected in test, 
t %S, per cent survivors. 


this culture at random exhibited differences in survivorship among the mice, 
for example, on diet 100, greater than can be attributed to chance {P < 0.001). 
That these differences were attributable to differences among the cultures used, 
not to the mice, can be safel}'- inferred from an analysis of the sampling methods 
used in these e.xperiments (1). 

It should be noted that three out of the four times that single colony cultures 
were freshly prepared, and were presumptively homogeneous, survivorship 
differences due to diet were small and statistically insignificant, although in 
one of these (Experiment 192) the difference came close to the dividing line of 
statistical significance generally emplo}'’ed (P = 0.05). In one of tlie four 
experiments with a single colony culture a dietary difference frankly emerged 
(Experiment 189). This indicated that probably during the multiplication 
of the Salmonella population from the presumptive single cell in the dilution 
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plate to the final broth culture used in the experiment, a significant degree of 
variation would take place spontaneously. Since this event could not be 
prevented it was evident that homogeneous cultxures of Sahnotiella could not be 
prepared with any certaint}' by the methods outlined. 

The Influence on ihe Dielary Effect of Inoculating Mixtures of Virulent and 

Avirulent Organisms 

Attempts were made next to bring about the interaction of virulent and 
avirulent Salmonella in ways in which the heterogeneity of the virulent bacterial 
population might not be of sufficient importance to allow a dietary effect on 
survivorship, but in which dietary effects could be brought out by appropriate 
and controllable introduction of the avirulent bacterial population. If the 
important event which makes a dietary effect on survivorship possible is the 
presence of both xfirulent and avirulent cells in the infecting bacterial culture, 
then the processes which take place between these virulent and avirulent cells, 
whatever their nature, begin with their introduction into the host; i.e., at time 
zero. Introduction of the two populations at different times, which would be 
merely a manipulation of these relationships, might conceivably lead to new 
phenomena in which the effect of diet might be enhanced, or at least brought 
under better control. 

As we have now seen, an important requirement for a controllable infection 
model, from the standpoint of the pathogen, is the ability to provoke with the 
virulent culture high mortality rates (low survivorship) independent of diet, 
and low mortality rates (high survivorship), independent of diet, with the 
avirulent culture. The dietary effect on survivorship, is then dependent on, 
and hence controlled by, the establishment of a relationship between the two 
cultures in the same host. The important elements of this relationship are 
number (dose) and time. In the following experiments the interaction of 
various doses of both virulent and avirulent Salmonella typhimurium was 
tested for two time intervals, the avirulent culture preceding the \drulent one 
by 24 and 72 hours. 

On two separate occasions 300 weanling W-Swiss mice, 3 to 4 weeks of age, were taken from 
the outbred W-Swiss colony and divided, by litter and sex, into thirty groups of 10 mice, each 
group containing 5 males and 5 females The odd-numbered groups were fed diet 100 and 
the even-numbered groups were fed diet 191. The animals were housed and cared for as usual 
for a period of 3 weeks, when they were removed to the infection room (Room 2) and indi- 
vidually caged. 

For infection purposes an intraperitoneal injection method was selected in order to (a) con- 
trol the time of infection more accurately than feeding afforded, and (6) increase attack rates 
to 100 per cent mortality, in certain instances, by overcoming the infective inefficiency of the 
oral route and thereby avoiding the necessity of introducing large doses of the organism, with 
the attendant risk of introducing variant cells. This change of route of infection was per- 
missible since Webster (6) had shown that mice naturally resistant to Salmonella infection oer 
cs were similarly resistant when injected intrapcritoneally or intravenously. 
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On each of the two occasions the 300 mice were divided into four lots with both diets equally 
represented. Lot I consisted of 60 mice, lots II, III, and IV of SO mice each. Each lot re- 
ceived a different dose, ranging up to 10‘ viable cells, of the avirulcnt culture, in 0.25 ml. of 
saline. Eacli of these lots was then subdivided (see Tables III and IV) into diet pairs of 20 
mice, 10 on diet 100 and 10 on diet 191, and after 24 hours (Table III), or 72 hours (Table IV), 
each pair received the appropriate dose of virulent cells, ranging up to lO'^ cells. In this way 
the effects of fifteen different dose combinations of virulent and avirulcnt cells were tested for 
each of tlie two time intervals. 


TABLE III 


The Effect of Diet on Survhorshi/) in ir-5M';M Mice Infected U'ith Various Doses of Avirulcnt 
S. typhimurium, and Siipcrinfectcd after 24 Hours with Various Doses of the Virulent Organism 



1 Initial dose 
avirulcnt 

1 TMO-S3 


Supcrinfcction dose, 21 hrs., virulent BAiSC-l 

Lot 

Diet 

0 

10» 

10' 

10' 



1 

S/I* 

Diflcr- 

encct 

S/I 

Differ- 

ence 

S/I 

Differ- 

ence 

S/I 

Differ- 

ence 





per cent j 

1 

1 

ter cent 


fer cent 


fer cent 

I 

0 

100 


1 

0/10 

1 

0 

0/10 

0 

0/10 

0 



191 



0/10 


0/10 


0/10 


II 

10’ 

100 

9/10 

i 

-10 

5/10 

1 

20 

0/10 

0 

0/10 

0 



191 

10/10 

j 

3/10 1 


0/10 


0/10 


III 

10’ 

100 

9/10 

0 

7/10 

10 

5/10 

1 

60 

4/10 

40 



191 

9/10 


6/10 


0/10 


0/10 


IV 

10« 

100 

5/10 

-60 

7/10 

30 

4/10 

0 

0/10 

40 



191 

10/10 


4/10 


4/10 


2/10 



* S/I, survivors/infccted in test. 

j; Difference in survivorship in per cent, reported as positive in sign where diet 100 survivors 
exceed diet 191 survivors. 


The cultures used were IS hour broth subcultures prepared from agar stabs of N. typhimur- 
ium having the following histories. The avirulcnt culture used was TjMO-S 3 which had been 
derived from Mackenzie’s TMO b}' recovery in toto from tlie spleen of a known susceptible 
mouse (BSVS strain, see (1)) surviving 22 days after infection by mouth. The virulent strain 
was the BA.SC-l described earlier in this paper. 

The mice were observed for the usual 30 dar’s after the final infection. Results are re- 
ported in Tables III and IV. 

. Several aspects of the data presented in Tables III and I\’' merit attention: — 
1. It is evident that the single intraperitoneal injection of virulent BAe- 
SC-1, ranging in dose from 10^ through 10® resulted in death of all the mice 
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irrespective of diet. By this route, then, BAjSC-l behaved as if it were 
homogeneous in virulence; i.e., it provoked a uniform mortality rate (100 per 
cent) independent of diet. 

2. The single intraperitoneal injection of avirulent TMO-S3, up to doses of 
lOS provoked a uniformly low mortality (10 per cent), independent of diet. 
Doses of W and 10® showed an increased, widely varied attack rate, which 

TABLE IV 

The Effut of Diet on Survivorship in U'-S'^viss ^fice Infected milh Various Doses of Avirulent 
S. typkimurium, and Superinfcclcd after 7Z Hours voith Various Doses of the 

Virulent Organism 


Supcrinfection dose, 72 hrs., virulent BAjSC-l 


Lot 

Initial dose 
avirulent 
TMO.S3 

Diet 

0 j 

J0> 

10* 

10* 



S/I’ 

Differ- 

cncej 

s/I 

Differ- 

ence 

s/I 

Differ- 

ence 

s/I 

Differ- 

ence 





per cent 


per cent 


^cr cent 


fer cent 



100 



0/10 


0/10 


0/10 


I 

0 

191 



0/10 

0 

0/10 

0 

0/10 

0 



100 

9/10 


10/10 


4/10 


0/10 


II 

10 * 

191 

10/10 

-10 

9/10 

10 

0/10 

40 

0/10 

0 



100 

10/10 


10/10 


6/10 


3/10 


ra 

10 ’ 

191 

8/10 

20 

7/10 

30 

3/10 

30 


30 



100 

5/10 


2/10 


1/10 




IV 

10 = 

191 

0/10 

so 

0/10 

20 

0/10 

10 

0/10 

0 


* S/l, survivors/infected in test, 

J Difference in survivorship in per cent, reported as positive in sign where diet 100 survivors 
eiceed diet 191 survivors. 


may be tentatively attributed to variant virulent cells present in unpredictable 
frequencies in TMO-S3 populations of this size. 

3. Although the mouse groups compared on each of the two diets at any 
one combination of avirulent and virulent doses were too small to permit 
statistically adequate demonstrations of a dietary effect, it is evident from the 
data taken as a whole that increasing e.vposiu-e to the avirulent TMO-S3, 
either by increasmg dosage or by lengthening of the time elapsed before the 
virulent BA-SC-l was introduced, tended to increase survivorship. More- 
over, it is apparent that there were dose combinations av-ailable in which this 
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increasing survivorship ^Yas greater on diet 100 than on diet 191; i.e., a dietary 
effect on survuvorship emerged. In spite of the statistical inadequacies it is 
also evident that there was a certain orderliness in the relation of the degree 
of dietary effect at one dose combination to that for other dose combinations. 
But more important it is clear that the dietary effect on survivorship was indeed 
a function of the relationship between avirulent and virulent members of the 
pathogen population; for various alterations in their numerical relationships, 
in quantity and in time, revealed a whole spectrum of possibilities ranging 
from circumstances in which no dietaiy^ effect was perceptible, to those in 
which a dietary effect was plainly to be seen. 

One of the dose combinations which gave promise of an increased dietary 
effect was 10^ TMO-S3 followed by 10’’ BAiSC-1 after 24 hours. It was 
decided to use this dose combination and determine the effect of the time 
interval with larger samples and over a greater period of time. 

o60 weanling W-Swiss mice, 3 to 4 weeks of age, were taken from the outbred W-Swiss 
colony and divided, by litter and sex, into nine groups of 40 each. Half of each group were 
fed diet 100 and tlie remaining half diet 191. Housing and care of the mice for the 3 week 
feeding period were tlie same as before. After 3 weeks the mice were transferred to individual 
cages in the infection room and the nine groups were infected. The cultures used were IS hour 
broth subcultures of TMO-S3 and BAjSC-l, botlj nt a dose of ICfi injected in 0.25 ml. 
saline, intraperitoneally. Group one received TMO-S3 alone; two, BA;SC-1 alone; all others 
received TMO-S3 and nt intervals of 0, 1, 2, 4, 7, 14, and 21 d.ays the remaining groups 
each received the superinfecting dose of BAjSC-l. The superinfcction at 0 days was a 
single injection of a mi.Yturc of TMO-S3 and BA.SC'-l in the proper dos.age. The animals 
were observed for 30 days after the last infecting dose. Results arc presented in Table V 
and Fig. 1. 

The consequences of diet on survivorship after double infection with aviru- 
lent and virulent 5. typhwntrintn are clearly reflected in the data presented in 
Table V and, graphically, in Fig. 1. The surv-ivorship which resulted as a 
consequence of exposure to the avirulent TMO-S3 is revealed as increasing 
with the duration of tliis exposure, and the effect of diet finds its expression 
in the relative rates at which this increase in sundvorship is achieved as e.x- 
hibited upon challenge with the virulent BAjSC-1 culture. These relation- 
ships can be depicted in curves, as in Fig. 1, and the dietary effect, when e.x- 
plored completely from minimal to maximal survival, is obviously represented 
by the area between the curves. Such curves and the areas between them 
clearly portray the effect of diet in its dynamic aspects, but the utility of such 
a diagram has another aspect as well. It is obvious that in all probability the 
dietary effect is most significant, — for these doses and under tliese conditions, — 
when a time interval of 1 day was used. For nutritional assay purposes it 
appeared that these conditions of dosage and time interval would be optimum 
for the controlled demonstration of the dietar}’- effect on survivorship. Tliis 
was tested with larger samples of mice and the 2 day interval included in the 
test as a further check. 



TABLE V 

Sunhorship of ir-Suw Mice on Diets 100 and 191 after Intraperitoneal Injection of AviniJeni 
TM0-S3, Follim'cd after Varying Time Intervals by Virulent BA-SC-1 


Superinfcction 

inten'al 

Dose 

TMO-S3 

Dose 

Ba:SC-l 

Diet 

S/I* 

%st 

Difference 

P 

days 






ftr cenl 


Controls 

103 

— 

100 


90 

0 

— 




191 

18/20 

90 






10’ 

100 

0/20 

0 

0 

— 




191 

0/20 ' 

0 



0 

103 

10’ 

100 

0/20 

0 

0 

— 




191 

0/20 

0 



1 

103 

10’ 

100 

15/20 

75 

65 

<0.001 




191 

2/20 

10 



2 

103 

10’ 

100 

14/20 

70 

60 

<0.01 




191 

4/20 

20 



4 

103 

10’ 

100 

16/20 

SO 

40 

<0.05 




191 

8/20 

40 



7 

10’ 

10’ 

100 

18/20 

90 

60 

<0.01 




191 

8/20 

40 



14 

10’ 

10’ 

100 

16/20 

SO 

20 

>0.3 




191 

12/20 

60 



21 

10’ 

10’ 

100 

20/20 

100 

40 

<0.01 




1 191 

12/20 

60 




* S/I, survivors/infected in test. 
% %S, per cent survivors. 


Ter* cent 
-urvivons 



Fro. 1. Sur^-ivorsWp of W-Swiss mice on diets 100 and 191 after intraperitoneal injection 
of ICP avirulcnt TMO-S3 followed by lO’ virulent B.^SsC-l after various times. 
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200 W-Swiss weanling mice, 3 to 4 weeks of age, were talcen from the outbred U'-Swiss stock 
and divided, bj" litter and sex, into two groups of 100 mice, 50 males and 50 females, each. 
Half of each group was fed diet 100 and the other half diet 191 for a period of 3 weeks as usual. 
Upon removal to tlic infection room all the mice received intrapcritoncal injections of 10* 
TMO-S3. Twenty-four hours later one group was challenged with lO’ IlAjSC-1, and after 
another 24 hours, the second grouj) uas similarly challenged. The mice were then observed 
for a period of 30 daj-s following the last infection. Results arc presented in Table VI. 

The results of this e.\'periment clearly indicated that the 24 liour inter\^al 
was tlie optimum time interval with a dietary difference in survivorship of 72 
per cent. With this final choice of the time inten'-al the infection model for 
the assay of the factors involved in the survivorship difference effect was now 
complete. The final test of the infection model was its reproducibility which 

TABLE VI 

Survivorship of lI^-Sw/ss Mice on a Natural Diet {Dirt 100) and a Synthetic Diet {Diet 191) 
after Intrapcrilonea! Injection of 10^ A virulent TMO~S3, Foiioxvcd after I or 2 Days by 

10^ Virulent BAtSC-1 


Supcrin/ection 

intcrrol 

Diet 

S/1* 


Difference 

P 

days 

100 

39/50 

78 

per cent 


1 

191 

3/50 

6 

72 

<<0.001 


100 

38/50 

76 



2 

191 

lS/50 

36 

1 

40 

<0.001 


* S/I, surv'ivors/infected in test, 
t %S, per cent survivors. 


depended, of course, on the stability of the bacterial cultures and tlte frequency 
of the genotype in the W-Swiss mouse population which was plastic to the 
nutritional factors being studied. Because of tlie relatively small size of the 
breeding W-Swiss stock it must be expected tliat genetic drifts would, from 
time to time, increase or decrease tlie frequency of this plastic genotype. Ex- 
perience has shown that the infection model is practicable, however, as evi- 
denced by successive tests over a period of 4 months. 

On ten occasions, usually as controls for otlier e.xperiments, 40 W-Swiss weanlings, 3 to 4 
weeks of age, were taken from the W-Swiss outbred colony and divided by litter and se.v into 
two groups of 10 males and 10 females eacli. One group was fed diet 100 and the otlier diet 
191 as usual. After 3 weeks the animals were removed to individual cages in the infection 
room and injected intraperitoneally with 10* of avirulent TMO-S3 and after 24 hours more 
with 10* of virulent B A»SC-1 . Observation was continued for 30 daj’s following tlie last injec- 
tion. The results are reported in Table VII. 
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These ten tests of the infection model demonstrated that a dietary difference 
in sundvorship could be reproduced consistent^. This difference was of the 
order of 55 per cent, which was a considerable increase from the 25 per cent 
difference established in our first report (1) in which the bacterial population 
used was a single, presumably heterogeneous strain of 5. enterilidis. In the 
present model tests for heterogeneity of the data of Table reveal that, 
considered on the basis of reproducibilitj'- of the specific mortality rates on each 


TABLE vn 


Ten Tests of the Dietary Diference in Survivorship Obtaining bel'^ceen Diet 100 and Diet 191 
When W-Sunss Mice Were Infected with 10^ Avirulenl TMO-S3 and, after 24 Hours, 
Challenged with 10^ Virulent BAtSC~l 


Ttsl 

Dale 

Diet 100 

Diet 191 

Fretpiency 
of sun*i- 
vai differ- 
ence 

Surv’J- 

\t)tship 

differ- 

ence 

Tests of heterogeneity 

S/I* 

%st 

SA 


By attack 
rate 

By survival 
difference 
frequency 



mi 

■m 




per cer.l 

X* 

x’ 

1 

3/12/47 



2/20 

10 

13/20 

66 

0.8038 


2 

lIKsIWi 



1/20 

5 

14/20 

70 

1.4422 

1.8181 

3 

2126141 

15/20 


2/20 

10 

13/20 

65 

0.S038 

O.SQSO 

4 

4/17/47 

15/20 

75 

2/20 

10 

13/20 

66 

0.8038 

0.8080 

5 

4120/41 

9/20 

45 

1/20 

5 

8/20 

40 

4.3631 

KE * 1 

6 

4/29/47 

8/20 

40 

0/20 


8/20 

40 

8. 1012 

Bk :1 

7 

5/15/47 

15/20 

73 

4/20 


11/20 

55 

2.1192 

0.0000 

s 

5/15/47 

12/20 


0/20 


12/20 

60 

2.6139 

■HI 

9 

6/17/47 

12/20 

60 

4/20 

20 

8/20 

40 

2.1882 


10 

If 3/47 

15/20 

73 

5/20 

25 

10/20 

50 

5.2731 

HI 

Total 

131/200 


21/200 




29.1123 

10.1004 

Average 


65.5 


10,5 


65.0 











P <0.001 

P >0.3 


* S/I, sun-ivors after 30 daj’s/infected in test, 
t %S, per cent survivors. 


of the two diets, deviations occurred which were greater than can be attributed 
to chance (x~ — 29 . 1123 ,' tt — Pj H 0.001), But the unportant event in 
these e-rperiments is not the specific mortality rates, but the magnitude of the 
dietarj' difference between the mortality rates on the two diets. WTien 
analyzed from this standpoint (Table ’ITT) it is ob\dous that the total experi- 
ence with the infection model, as reported in Table I'TI, is consistent and 
homogeneous and the variations in the dietary difference in sur\'i\'al are no 
more than can be e.cpected on the basis of chance (x* = 10.1004; tt = 9* 
P > 0.3). tVith a mean dietary effect of 55 per cent,-— or 11 mice out of ever>- 
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20, — for samples of 20 mice on each diet it may be expected that the dietary 
difference will only rarely {P < 0.05) be any less than 35 per cent. It can be 
concluded that the model is a satisfactory and reliable means of demonstrating 
the dietary effect on survivorship following infection with S. typhmnrluvu 

DISCUSSION 

These experiments, and those preceding (1, 2), have shown that under 
certain conditions diet influences the outcome of an infection and under others 
it does not. Thus, in these matters, it has been found that in the laboratory 
demonstration of a dietary effect on infection those hosts are satisfactory which 
are genetically heterogeneous and unselected and those pathogen populations 
are satisfactory which are heterogeneous in their array of variation in virulence. 
In order to improve the plasticity of tlie infection model to the effect of diet a 
study was made, in the present paper, of the interaction in the host in time and 
in number of both virulent and avirulent S. typhimurium. This has led to 
the devising of an infection procedure involving the curious manipulations of 
injecting the avirulent culture first and after 24 hours injecting the virulent 
culture. This is hardly an imitation of a “natural event,” for such an event 
must be a very rare one in the natural world. It must be remembered, how- 
ever, that in the instance of the present model the 24 hour interval is related 
only to tlie establishment of the relationship between the two particular cul- 
tures being used. For other avirulent and virulent cultures of 5. typhimurium 
a similar analysis might well lead to the choice of other doses and other time 
intervals. These other doses and these other time intervals would be on more 
than a reflection of the variation among those representatives we elect to call 
“virulent” or “avirulent.” But the important point is that certain doses and 
certain time intervals may be fovmd for any combination of cultures at which 
the diet effect is maximal, for the diet effect rests, not on the special attributes 
of any one culture, but on the difference which exists between any two. Now, 
it may be that the difference in virulence between two cultures taken at random 
from the natural world may be trivial, and hence would hardly serve in e.xperi- 
ments such as are described here. Sucli cultures would be rejected and others 
sought which were more practicable, but from a theoretical viewpoint the 
power and general application of tliis method of assembling a satisfactory 
infection model would remain. If we hope to learn tlie chemical nature of tlie 
influential nutritional entities, we must so arrange the model as to obtain the 
widest possible divergence in survivorship in order to obtain a practicable 
method of assay for active materials. The assay metliod described m this 
paper has its basis in a phenomenon which is revealed uniquely by bringing 
into relationship two different strains of the same bacterium which are divergent 
in virulence. We propose to name this phenomenon the “double strain 
phenomenon,” and the assay method based on it the “double strain inocula- 
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tion,” or DSI, method. That this analysis of the infection model has some- 
thing to recommend it can be illustrated by the following comparison. The 
DSI method can be pursued with samples as few as 10 mice per sample and 
with which a diet difference as small as 10 per cent will be a rare event (P < 
0.001). Most of the time, of course, the dietary difference will be greater. 
If, instead of the DSI method, the infections were performed by the method 
used in the first paper of this series (1), which involved the feeding of mice 
with a single culture of S. enleritidis, standard' statistical calculation’ shows 
that at a similar level of 10 per cent difference in diet effect on survivorship 
it would be necessary to employ samples of 103 mice from the same stock. 
The e.vpansion of the DSI method to a sample size of 20, which is practicable, 
renders the assay of the nutritional effect on infection survivorsh p a statisti- 
cally sound undertaking. Its results will be the subject of future publications. 

One more matter merits attention. \\Tiat is the nature of the relationship 
in the host of the avirulent and virulent Salmonella populations? Does the 
host participate directly to furnish antibodies imder the stimulus of the aviru- 
lent bacteria and thus mediate the effects of the \Trulent cells when they gain 
admittance? If so, this type of response of the host must be more precocious 
than is usually the case for, as we have seen, the maximal effect is apparent 
after 24 hours. Indeed, for other cultures of avirulent and ^drulent S. typhi- 
murium (2) a diet effect can be demonstrated when the two populations are 
admitted simultaneously. Or, it might be suggested that, on the face of the 
data, avirulent populations “interfere” with the virulent ones, almost in the 
sense that certain \druses “interfere” with the effects of others, and that the 
rate of the establishment of this “interference” is a function of diet. Wffiatever 
may be the basis of the diet effect, be it immunologic, “interference,” or other- 
wise, the fact of the interaction of avirulent and virulent S. typhimmhim as 
the basis of the dietarj’- effect on survdvorship has been demonstrated, and this 
fact has led to the design of a statistically adequate assay method for the 
eventual isolation and identification of the nutritional entities involved. 

SUMMARY 

The observ^ation has been confirmed that the property of a “natural” diet 
of whole wheat and whole dried milk to promote a higher survival rate among 
a stock of outbred, genetically heterogeneous W-Swiss mice subjected to S. 
iyphimiirium infection, over that promoted by a “sjmthetic” diet, is dependent 
upon a relationship between avirulent and virulent members of the pathogen 
population. 

This relationship has now been analv'zed in terms of number (interacting 
doses) and time (intervml between interacting doses). On any giv'en diet 

^ • Th(^ calcuUUons have followed the methods outlined by Mather in his Statistical .\iialv- 
sis in Biolorv', New York, Inlerscience Publishers, Inc., 1947. 
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survivorship has been demonstrated to be a function of the host's experience 
of tlie avirulent pathogen; increasing experience, either in dose or time, re- 
sulted in increasing sui-vivorship. For a given set of interacting avirulent- 
virulent doses the rate at whicli survivorship rose was greater when the “nat- 
ural” diet was fed than when the “synthetic” diet was fed. This difference 
in survivorship-increase rates gave rise to differences in survivorship between 
the two diets. These dietary differences ranged from minimal to maximal 
witli increasing time, and tlien, as still more time elapsed, back to minimal 
again. In consequence an optimum time interval was found at which the 
dietary effect was maximal. This time interval was chosen for assay purposes. 
The assay method thus arrived at was tested repeatedly for reproducibility, 
and statistical analysis showed it to be reliable and capable of demonstrating a 
mean dietary difference in survivorship of 55 per cent. 

The nature of tlie relationship established between avirulent and virulent 
S. iyphimurium in mice has been discussed. 
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Epidemics of acute encephalitis occurred in the St. Louis area in 1933 and 1937 
(1,2). The distribution of cases (3) and thesummer incidence of the disease suggested 
the possibility of a blood-sucking vector. In 1933 two independent groups of investi- 
gators, one from the United States Public Health Ser\’ice and the other from the United 
States .Army, undertook studies concerning possible implication of mosquitoes. Re- 
sults of their experiments were negative (1). 

In 1935, however, AVebster, Clow, and Bauet (4) showed that Anopheles qttadri- 
macidalus could be infected u-ith the virus of St. Louis encephalitis. Such mosquitoes 
shown to harbor the virus for from 21 to 42 days did not infect mice or monkej's by 
bite. In 1937, Fulton, Greutter, Muether, Hauss, and Broun (5) were successful in 
infecting Culex pipiens with the virus of St. Louis encephahtis by allowing them to 
■ feed on infected mice. The virus did not survive in the bodies of these mosquitoes 
for longer than 10 days, and normal mice could not be infected by their bite. Alita- 
mura and his associates (6) reported in 1937 successful transmission of the \Trus of 
St. Louis encephalitis by Culex pipiens var. pollens Coq. and bj' Aedes logoi. 

In 1941, Blattner and Hej-s showed that an arachnid, the dog tick {Dermaeentor 
variobilis), could be infected with the virus of St. Louis encephalitis and could trans- 
mit the virus to mice by bite (7). Subsequent investigations (8) revealed that under 
experimental conditions this tick is capable of transferring the virus to susceptible 
animals by bite in anj' stage of its life cj'de and of passing the virus to its offspring 
through the egg. Ticks which had been kept for 10 months at a temperature of 
12.5°C. retained virus during hibernation and were shonn to transmit the infection 
to animals by bite. Likewise eggs laid by infected females retained virus over the 
winter, and larvne hatched from these eggs harbored virus and were capable of infect- 
ing susceptible animals. Thus for the first time it was demonstrated that transovarial 
or congenital passage of this virus in an arachnid occurs imder experimental conditions. 

In’ 1942, Reeves, Hammon, and Izumi (9) reported transmission of the virus of St. 
Louis encephalitis by Culex pipici:s Linn. Subsequently Hammon and Reeves were 
able to show that mosquitoes belonging to a number of genera are capable of acquiring 

• ;\idcd by a grant from The National Foundation for Infantile Paralysis, Inc. 

.Air conditioning of the mosquito rooms was made possible bv funds provided by the 
Children’s Research Foundation of St. Louis. 

tOn l^ve o! absence from Department of Tropical Medicine and Pubh'c Health, School 
oi Mctlidnc, Tulanc University of Louisiana, while assisting in this investigation. 
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the virus and of transmitting the virus to animals (10), Ilammon, Reeves, and their 
associates (11) isolated the virus of St. Louis encephalitis from culicine mosquitoes 
collected in nature during epidemic periods in the Yakima l^allcy in Washington. 

The virus has been shown to remain in the body of the mosquito for 28 days (10) 
and for 42 days (4). Transovarial passage of the virus in Uie mosquito, however, has 
not been demonstrated, and to our knowledge the virus has not been detected in hi- 
bernating mosquitoes. In consequence it seems unlikely that the mosquito could be 
the sole agent concerned in the epidemiology of St, Louis encephalitis. 

That an endemic focus exists in the St. Louis area since the epidemics of 1933 and 
1937, is indicated by the fact that cadi summer cases of acute encephalitis have been 
proved by appropriate neutralization tests to be of the St. Louis tjqic (12). A serum- 
neutralization survey was made in the St. Louis area in 1943 and 1944 (13). In St. 
Louis County where endemic cases of St. Louis encephalitis have been shown to occur 
antibody for tlie St. Louis virus was demonstrated in sera of chickens from certain 
flocks. Antibody of low titer was present in 11 to 33 per cent of chickens chosen from 
5 flocks. Demonstration of antibodj' was equivocal in an additional 12 to 14 per cent 
of chickens in these same flocks. Of 97 people tested who had resided in St. Louis 
County through the epidemic years of 1933 and 1937, 37 per cent showed antibody 
to the St. Louis virus. In certain sections of St. Louis County the sera of approxi- 
mately 50 per cent of residents tested contained antibody. On the other hand, only 
a few (3 of 56) people (children 3 to 7 years of age and adults who had come from 
states east of the Mississippi since 1937) who had resided in St. Louis County since 
1937 showed antibody. In view of these results it seemed logical to conclude that 
some vector in the St. Louis area, which as a rule docs not attack human beings, feeds 
upon cliickens, and thereby introduces virus into tlicir bodies. The chicken mite, 
Dermaiiyssns gallinac, an arachnid similar biologically to the dog tick, seemed a 
likely possibility. Accordingly, collections of this chicken mite were made in selected 
districts of St. Louis County. Chicken mites from 3 different sites, 6 to 10 miles 
distant, yielded an infectious agent which in each case was identified as the virus of 
St. Louis encephalitis (14). 

In previous reports from this laboratory (14, 15) evidence was presented that 
the chicken mite {Dermanyssus gallinae) is capable of transferring the virus of 
St. Louis encephalitis congenitally to its offspring ad infinitum, and that a colony 
of mites once infected probably remains infected indefinitely. Uninfected 
mites derived from a single female and her nymph offspring and shown to be 
free of virus could be infected readily by feeding on animals inoculated with 
various strains of the virus of St. Louis encephalitis. Experimentally infected 
mites as well as those found infected in nature proved capable of transferring 
the virus through the egg to their offspring. Both naturally infected and ex- 
perimentally infected mites transferred the virus to chickens by bite. Unin- 
fected mites could acquire virus from chickens bitten by infected mites. Vire- 
mia in chickens bitten by such mites was demonstrated with regularity by tlie 
use of the chorioallantoic passage and subsequent intracerebral inoculation of 
mice (16). Isolation of the St. Louis encephalitis virus from mites in nature and 
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results of laborator}' experiments indicating maintenance of the x-irus in mites 
suggest that the mite may serve as a reservoir in nature. Likewise the fact 
that virus is present in the blood of chickens following the bite of infected mites 
suggests the possibility that during the period of viremia such chickens might 
serve as a source of virus for other blood-sucking vectors, possibly the mosquito, 
of which several species are known to feed upon chickens (17). 

The present report concerns e.xperimental work which indicates that chickens 
acquiring the virus of St. Louis encephalitis from infected mites have sufBdent 
drus in their blood during the period of \-iremia for mosquitoes to acquire the 
virus while feeding, and that such infected mosquitoes are capable of trans- 
mitting the virus to other animals. 

Methods and Materials 

Species of Ifosqiiiloes.—Sewen species of mosquitoes, belonging to 3 genera, used in tie 
present investigations, were obtained from various sources: Ciilex pipiens Linn., collected 
as eggs, larvae, and pupae in St, Louis County and maintained as a breeding colony at Wash- 
ington University; Cdlex quinquejascialiis Say, collected as eggs, lar\-ae, and pupae in New 
Orleans and maintained as a breeding colony at Washington University; Anopheles puncii- 
pennis (Say), collected as lar\-ae in St. Louis and vicinity; Anopheles qnadrsmacnlalus Say, 
from eggs obtained from a colony at Tulane University (an .Alabama strain) and also from eggs 
of females captured and from larvae collected in St. Louis and vicinity; .-1 cdes aegypti (Linn.), 
from eggs obtained from a colony at Tulane University (a New Orleans strain) and main- 
tained as a breeding colony at Washington University; Aedes iriscriaUcs (Say), collected as 
larvae in the vicinity of St. Louis; and Aedes vexons (Meig.), collected as larvae and pupae 
and also from eggs laid by females captured in St. Louis and vicinity. 

Rearing of Mosquitoes. — .All mosquitoes used in the caperiments were reared in the labora- 
tory from preadult stages. .A mosquito-proof, air-conditioned room having a two doored 
vestibule and sealed windows was provided. .A closed circuit of air was maintained by a 
specially designed humidifier communicating with the room. .Air was drawn through ex- 
celsior-packed screens kept wet by dripping water. Manual adjustment of the flow and the 
temperature of the water controlled the rate of evaporation, providing the desired humidity 
and reducing temperature fluctuation. The temperature in the breeding room varied from 
75° to 91°F. and the relative humidity from 85 to 92 per cent. This room was used only for 
the production of mosquitoes. No infected animals were permitted in the breeding room. 
Food for the adult mosquitoes in the breeding cages consisted of dextrose solution, cut prunes, 
and blood of uninfected host animals. For the species of Culex, young chickens vfere used as 
hosts and were kept in the breeding cages continuously. These chickens had been hatched 
in the laboratorj- and had been protected at all times from possible e.xposure to arthropods 
by fine wire screen and a surrounding moat of cresol. .A guinea pig was used as host for 
Aides aegypti and a rabbit for Anopheles quadrimacutatus, the animals being placed in the 
cages for several hours each day. Eggs laid in a small bowl of water {Cutes) or on wet filter 
paper {.iedes and Anopheles) were transferred to larval breeding pans. Culicine larvae were 
fed with a suspension of brewer’s j-east and dried beef blood albumen, added to the vvater once 
or twice during development; anopheline larvae received ground Purina dog chow dailv. 
Pupae removed from breeding pans were placed in metal cups (50 to 150 in each cup) under 
lamp chimnev-s which were capped at the upper end with bobbinet mosquito netting. The 
rubber Lands securing the netting also held a piece of filter paper suspended within the chim- 
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ney to provide additional resting space for the mosquitoes. Wlien all adults had emerged 
from the pupae (2nd or 3rd day), the containers were removed from the cups, closed below by 
netting, and placed on wet cellucotton in Petri dishes. Pledgets of cotton saturated with 
dextrose solution were laid on the top netting to provide food. Mosquitoes were stored in 
this manner for at least 24 hours before exposure to experimental animals. Thus a constant 
supply of suitable mosquitoes was available for experimental use. 

Infection of Mosquitoes . — .\ second mosquito-proof room in which tlic mosquitoes were 
infected was fitted with a double vestibule closed by three mosquito-proof doors and con- 
tained a large screened enclosure with its own two doored cntiy. This room was air-condi- 
tioned in the same manner as tlie breeding room. The temperature ranged from 72° to 
94°F. and the relative humidity between 77 and 96 per cent, the usual range for temperature 
being 80° to 90°F. and that for relative humidity between SO and 90 per cent. In the screened 
enclosure mosquitoes were allowed to feed upon infected animals, and the fed mosquitoes 
were transferred to clean lamp chimnc 3 'S. Here the mosquitoes were stored for incubation 
of virus and later allowed to feed upon uninfected animals for possible transmission of the 
virus. 

Mosquitoes were infected bj’ allowing them to feed upon chickens having viremia or on a 
suspension of infected mouse brain tissue in broth and defibrinated rabbit blood. 

The chickens used as a source of virus for mosquitoes were laboratory bred New Hampshire 
Reds, 10 to 20 days of age. Viremia was produced in these chickens hi' the subcutaneous 
inoculation of the Hubbard egg membrane strain of virus (0.2 ml. of a 1 : 100 dilution of infected 
egg membrane in brotli) or bj’ the bite of infected mites. Four colonics of infected mites were 
used for this purpose: the Rippj' colonj’ derived from mites found infected in nature and 3 
colonies of experimcntall.v infected mites. The latter were infected with 3 strains of St. 
Louis virus: (a) the Rippy strain (RNc), a mouse brain virus isolated from mites found in- 
fected in nature, (6) the Hubbard egg membrane strain, an egg membrane strain of St. Louis . 
virus (Hubbard) isolated in mice from human brain tissue in 1937 and maintained since 1938 
on the chorioallantoic membrane of the developing hen’s egg, (c) the Mullen strain isolated 
in mice in 1945 from tire blood of a patient who recovered from encephalitis. 

Chickens were used as potential sources of virus for mosquitoes between 48 and 92 hours 
following the inoculation of virus or following the e.\posurc of chickens to infected mites in a 
manner previously described. This is tire period during which viremia was shown to occur 
most commonly (15, 16). For verification of viremia in chickens, blood samples drawn before 
and, in most instances, after Uic mosquitoes had fed, were tested for \-irus in tlie following 
manner. Heparinized whole blood (0.08 to 0.1 ml.) was inoculated on the chorioallantoic 
membrane of the developing hen’s egg. Four daj's after inoculation these membranes were 
harvested and ground with a small amount of tr.vptose phosphate brotli. The resulting 
suspension was centrifuged at low speed for 2 minutes, and the supernatant fluid was passed 
to a second series of embryonated eggs. As before, tlie passage membranes were harvested 
after a 4 day period and were ground witli broth. After centrifugation, the supernatant fluid 
was injected intracerebrallj’-, in 0.03 ml. amounts, into white Swiss mice. 

Mosquitoes to be infected b}"^ feeding upon chickens during viremia were allowed access to 
the unanesthetized chicken which was held bj’' an oilcloth restrainer against the netting of 
the lamp chimney container. Before the chickens that had been infected b 3 ’' mites were used 
in tliis way for the infection of mosquitoes, an 3 ' mites remaining on their bodies were dcstro 3 'ed 
1)3' a 5 minute exposure to cliloroform vapor. The bod 3 - of the chicken was placed in a jar 
covered by a sheet of rubber through which tlie head protruded. As precaution against pos- 
sible escape of mites remaining alive, a petrolatum barrier was placed around tlie base of the 
stand used to support the lamp chimney during the exposure of the chicken to mosquitoes. 
The exposure periods varied from 15 minutes to 12 hours, usualh* overnight, according to 
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need or convenience. At the close of the feeding period, mosquitoes which contained risible 
ingested blood were separated from the unfed mosquitoes and placed in other containers. 
Transfer of unanesthetized mosquitoes by means of-an aspirator tube was carried out within 
a glass-topped box provided with armholes and sleeves of netting. 

Mosquitoes to be infected by feeding on a suspension of virus were exposed to the suspen- 
sion for periods up to 2J4 hours. Lamp chimne>-s containing the mosquitoes were placed on 
pieces of cellucotton saturated with the virus suspension, the mosquitoes feeding readily 
through the netting. The virus suspension was prepared at the beginning of the feeding period 
by adding 1 part of a 20 per cent suspension of infected mouse brain tissue in broth to 6 parts 
of defibrinated rabbit blood. The brain tissue was that of mice infected with the RN's strain 
of St. Louis virus (isolated from mites collected in nature). The suspension in broth and de- 
fibrinated blood prepared at the beginning of the e.Tperiment was kept in the refrigerator, 
and fresh refrigerated suspension was added to the cellucotton at 30 minute intervals during 
the feeding period. 

Mosquitoes that had ingested infective blood or virus suspension were stored in the lamp 
chimneys for varying periods to allow incubation of the virus. A. piece of wire screening sus- 
pended in the container provided a resting surface for the mosquitoes. Water was provided 
through wicks in contact with the bottom netting, and raisins or cotton saturated with dex- 
trose solution were placed" on the top netting to supply food. 

Isolation oj Virus from Mosquitoes . — Attempts were made to isolate virus from suspensions 
of mosquitoes at periods vaodng from 8 to 29 da.vs after the ingestion of infective blood. 
Samples of mosquitoes, after light chloroform anesthesia and removal of legs and wings, were 
triturated in tr>'ptose phosphate broth using 0.1 to 0.2 ml. of broth per mosquito. In most 
instances 0.06 ml. of an imcentrifuged or a centrifuged suspension of mosquitoes was inoculated 
intraperitoneally into young Swiss mice 7 to 12 days of age. When .the more concentrated or 
uncentrifuged suspensions were used, the mice sometimes died 1 to 2 days following inooda- 
tion, apparently as a result of hea\y contamination of the inoculum. MTien convulsions or 
» other signs of illness suggestive of encephalitis were observed, brain tissue from the young mice 
was passed intracerebrally to 4 to 6 adult Swiss mice. In a small number of experiments 
filtered suspensions of the mosquitoes were tested for virus by direct intracerebral inoculation 
of adult Swiss mice and/or by chorioallantoic passage on the developing hen’s egg with sub- 
sequent intracerebral passage to adult mice. 

Method for Demonstrating Transmission of Virus by Mosquitoes to Chickens . — Five to 55 
daj-s after an infective blood meal mosquitoes were allowed to feed on normal unanesthetized 
chickens in the same maimer as that described for the initial feeding on infected chickens. 
These normal chickens ranged in age from 6 to 20 da>-s, the majority being 10 to 12 da>-s of 
age. Following the feeding period the mosquitoes containing visible ingested blood were 
counted in order to determine the appro.ximate number of bites that the chicken had received. 
Since a mosquito may pierce the skin of the host without withdrawing a detectable amount 
of blood, a few e.xposed animals were tested for viremia even when no blood was visible in 
any of the mosquitoes. Most of the chickens e.xposed to the infected mosquitoes were bled 
only once for viremia test, on the 2nd or 3rd day (34 to 64 hours) after the feeding period. 
Eleven chickens were bled 3 times, at intervals between 1 and 4 daj-s after the feeding period. 
Heparinized whole blood was tested for virus by chorioallantoic passage with subsequent 
intracerebral passage to adult mice, and in most instances serum from blood drawn simul- 
taneously was inoculated intracerebrally into 4 to 6 adult mice. 

Method for Demonstrating Transmission of Virus by Mosquitoes to Mice.—Six to 19 dav-s 
after the infective meal, mosquitoes were allowed access to young Swiss mice, 6 to 14 daj-s'of 
age, whicli had been anesthetized by dial. The anesthetized mice were placed on the netting 
covering the lamp chimney containers and held in place by a second piece of netting, ifice 
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which received one or more bites as dclcrniincci by counting the number of engorged mos- 
quitoes after the feeding period, were observed for signs of encephalitis. Some of the young 
mice tlius c.\poscd were killed at 10 and 13 days after tlicy had been bitten. Brain tissue from 
each of these was passed by intracerebral inoculation to 4 to 6 adult mice. The remaining 
young mice were obscr\’cd for 21 days. 

Method for Demonstrating Transmission of Virus by Mosquitoes to Hamsters. — Four to 42 
days after an infective blood meal, mosquitoes were allowed to feed on young adult Syrian 
hamsters (Cricctiis auralus) anesthetized with dial. Hamsters were e.vposcd to infected 
mosquitoes for several hours or overnight bi' supporting a lamp chimney container over the 
animal in such a way that the netting covering one end of tlic container was in contact with 
the shaved abdomen. The number of mosquitoes biting a given liamstcr was determined 
by coimting tliose which contained visible blood after the feeding period. For viremia test 
some of the hamsters were bled only once at 48 to 81 hours after the beginning of the period 
during which the mosquitoes fed; others were bled 2 or more times between 24 and lOS hours. 
Heparinized whole blood was tested for virus by chorioallantoic pas.sagc and subsequent intra- • 
cerebral inoculation of adult mice. Several of the hamsters were inoculated intraccrcbrally 
with aleuronat at a time when viremia might be expected. It was thought that damage to 
the brain tissue produced in this manner might facilitate invasion of the brain by virus in tire 
blood stream. The hamsters were observed for months. 

Identification of Virus. — Strains of virus isolated from chickens and hamsters having 
viremia were compared witli a known strain of St. Louis virus (Hubbard) and were identified 
as the St. Louis virus by neutralization in mouse protection tests. Immune rabbit sera used 
in mouse protection tests were prepared by repeated subcutaneous inoculation of normal rab- 
bits witli the Hubbard strain of St. Louis virus. Strains of virus isolated from each of II 
hamsters and 10 chickens having viremia as tlic result of the bite of infected mosquitoes were 
identified in this manner. These infected mosquitoes, the bite of which resulted in viremia in 
chickens and hamsters, had acquired the virus by feeding on chickens bitten by mites infected 
in nature or e.xperimcn tally infected with I of 3 strains of St. Louis virus. ' 

RESULTS 

The primaty purpose of the present investigation was to ascertain (1) whether 
or not mosquitoes can acquire the virus of St. Louis encephalitis by feeding on 
chickens infected by mites, and (2) whether or not mosquitoes thus infected 
can transmit the virus to chickens, mice, and hamsters. 

Isolation of Virus from the Bodies of Mosquitoes 

Before attempting transmission of virus by the mosquito it was advisable to 
show the presence of virus in the body of the mosquito. Accordingl}'’, attempts 
were made to isolate virus from mosquitoes presumably infected in one of tliree 
ways: (1) mosquitoes fed on a suspension of infected mouse brain tissue in 
tryptose broth and defibrinated rabbit blood; (2) mosquitoes fed on cliickens 
in whicli viremia had been produced by subcutaneous inoculation of the Hub- 
bard 'egg membrane strain of virus; (3) mosquitoes fed on chickens having 
viremia as the result of the bite of infected mites. 

The results of these isolation e.xperiments can be summarized as follows: — 

Five different species of mosquitoes (of 3 genera) were tested for virus after ingestion of 
infected mouse brain material. The bodies of tlic mosquitoes were triturated in trj'ptosc 
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broth, 0.1 to 0.2 ml. per mosquito, and the resulting suspension was inoculated intraperito- 
neally into young Sniss mice. One of these 5 e.^periments, that with Anopheles quadrimactt- 
laliis, was unsatisfactor)-, presumably because the uncentrifuged suspension of 11 mosquitoes 
was contaminated heavily, and the test animals died within 1 or 2 daj-s. Virus was obtained 
from each of the other 4 species of mosquitoes by the intraperitoneal inoculation of young 
Swiss mice. Uncentrifuged suspensions of mosquitoes were used in 3 instances and a centri- 
fuged suspension in one instance These 4 species of mosquitoes were Anopheles puncli- 
per.nis (7 mosquitoes), Aedes aegypti (26 mosquitoes), Aedes Iriserialtis (3 mosquitoes), and 
Cnles gninquefascialiis (4 mosqmtoes). The period allowed for incubation of the virus in 
the mosquitoes ranged from 10 to 15 days. Virus was isolated readily from each of the 4 
samples, the 3 -oung mice which were inoculated intraperitoneally developing definite signs 
of encephalitis in 4 to & dajs. Brain tissue from one or more j-oung mice of each test group 
was passed to 4 adult Swiss mice by intracerebral inoculation. These inocula proved bac- 
teriologically sterile on culture. The passage mice developed convulsions in 2 to 4 days 
follor\Tng inoculations. 

Mosquitoes of 3 species (Aedes aegypti, Culex qiiinquefasciatiis, and Culex pipiens) were 
tested for virus after being allowed to feed on chickens inoculated subcrltaneously with the 
Hubbard egg membrane strain of virus. Only mosquitoes which had ingested blood were 
tested for virus. Each chicken used in this way as a source of %-irus for mosquitoes was shown 
to have viremia by the direct intracerebral inoculation of mice with serum, as well as by chorio- 
allantoic passage with subsequent intracerebral inoculation of mice. Two samples of Aedes 
aegypti consisting of 4 and 6 mosquitoes, one of Ciilex quinquefascioltis, 11 mosquitoes, and 1 
sample of Cidex pipiens, 13 mosquitoes, were tested for %'irus by intraperitoneal or intra- 
cerebral inoculation of suspensions into young mice. Owing to contamination 1 sample of 
.4 edes aegypti and 1 of Cnlex pipiens were not satisfactory. Consequently only 2 satisfactory 
tests were carried out using mosquitoes which had fed on chickens infected by subcutaneous 
inoculation of virus: 1 with .4e<fer aegypti and 1 with Cnlex qiiingiiefasciatus. The period 
. allowed for incubation of the virus in mosquitoes in these two instances was 8 and 16 days 
respectively. A centrifuged suspension of the sample of A edes aegypti was inoculated intra- 
peritoneally into j’oung mice, and a filtered suspension of the sample of Culex qiiinquefasciatiis 
intracerebrally into adult mice, both giving negative results. 

Mosquitoes of 4 spedes, Aedes aegypti. Aides Texans, Cnlex qiiinquefasciatiis, and Culex 
pipiens, comprising 13 lots, were tested for virus after feeding on chickens bitten by infected 
mites. Nine of these 13 lots (3 of .4 edes aegypti, 1 of .4 edes vexans, 2 of Culex quinqiiefasciatus, 
and 3 of Culex pipiens), were fed on chickens infected b\’ the bite of mites from the Rippy 
colony, a colon}- derived from mites found infected in nature. The number of mosquitoes 
tested varied from 1 to 60. The periods allowed for incubation of the virus in the mosquitoes 
varied from 13 to 29 da}'s. One of the 9 samples of mosquitoes, an uncentrifuged suspension 
consisting of 4 Aedes aegypti, was unsatisfactory because of contamination. No ^•irus was 
isolated from the remaining 8 samples by intrapieritoneal inoculation of young mice, none from 
centrifuged suspensions, and none from uncentrifuged suspensions. A portion of the centri- 
fuged suspension from each of 2 samples, Culex pipiens, 60 and 11 mosquitoes respectively, 
was filtered by means of a Luer-Lok s}-ringe with Swinny adapter. While no virus was 
isolated from tliese 2 filtrates by direct intracerebral inoculation of adult mice, the filtrate re- 
sulting from 60 mosquitoes which had fed 13 da}-s before, was shotvn to contain virus by 2 
chonoallantoic passages in the developing hen’s egg. suspension of chorioallantoic mem- 
brane on transfer intracerebrally to adult mice produced convulsions in 4 days. 

^ One sample of each of 4 lots of Culex pipiens which had fed on chickens shown to have 
vircmia as a result of the bite of e.xpcrimentaUy infected mites, was tested for virus. The 
uncenlnfugcd suspension of 1 sample gave unsatisfactor}- results when inoculated intraperi- 
toneally into young mice. The centrifuged suspensions of the other 3 samples consisting oi 
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28, 31, and 55 mosquitoes, were filtered by means of the Swinny adapter and tested for virus 
by the direct intracerebral inoculation of adult mice and simultaneously by the chorioallantoic 
passage method. Virus was isolated by chorioallantoic passage but not by direct intracerebral 
inoculation of mice. In these 3 lots of infected mosquitoes, 3 strains of virus were involved: 
the RNe, the Hubbard egg membrane, and the Mullen. ’J'hc periods allowed for incubation 
of tlic virus'in the mosquitoes ranged from 15 to 2! days. 

As the foregoing has shown, virus was detected in suspensions of triturated 
mosquitoes which had fed on chickens infected by mites by tlie inoculation of 
filtered centrifuged suspensions on the chorioallantois of hens’ eggs and sub- 
sequent intracerebral passage to mice, Ciilcx pipiens was the only species of 
mosquitoes tested for virus in tliis manner. Virus was demonstrated in these 
mosquitoes 13 to 21 days following the infective meal. Virus was not isolated 
from mosquitoes which had fed on chickens infected by mites, either by direct 
intraperitoneal inoculation of j-^oung mice or by direct intracerebral inoculation 
of adult mice. The same was true for mosquitoes infected by feeding on 
chickens inoculated subcutaneously with virus suspensions of the Hubbard egg 
membrane strain. However, virus was isolated readily, by direct inoculation 
of mice, from mosquitoes of 4 species which had ingested infected mouse brain 
material 10 to 15 da3's previously. Where only small amounts of virus are 
present in the bodies of infected mosquitoes, as in those fed upon chickens in- 
fected by mites, chorioallantoic passage increased the amount of virus to an ex- 
tent such tliat signs of encephalitis are produced in mice when egg membrane 
material is inoculated intracerebrally. 

Transmission of the Virus to Chickens by Mosquitoes Infected by Feeding on 

Virus Suspension 

Transmission of the St. Louis virus to normal chickens was attempted using 
mosquitoes of each of 5 species, {Anopheles punctipennis, Anopheles quadrima- 
culahts, Aedes aegypti, Aedes triseriatus, Culex quinqucfasciatus), which had in- 
gested a suspension of infective mouse brain tissue (RNe strain of virus) in 
broth and defibrinated blood. Following the ingestion of infective material, 
periods of 8 to 12 days were allowed for incubation of the virus in these mos- 
quitoes. After the incubation period each of the 5 lots of mosquitoes was al- 
lowed access to one chicken. Three of the 5 chickens were bitten by 2 mos- 
quitoes each and 2 chickens by only 1 mosquito each, as determined by counting 
the mosquitoes which had ingested blood. Three tests for viremia were made 
on each of the 5 chickens, blood being drawn at intervals between 1 and 4 days 
after exposure to the mosquitoes. Serum was tested for the presence of virus 
by direct intracerebral inoculation of adult mice. Simultaneously, heparinized 
whole blood was inoculated on the chorioallantoic membrane. In each of the 
5 chickens viremia was detected by chorioallantoic passage and subsequent 
inoculation of adult mice. Virus was demonstrated in 3 samples of blood from 
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each-of 4 chickens and in 1 sample (37 hour) from the fifth chicken. Results of 
direct serum inoculation were negative except in one instance in which the 
result was equivocal. In this instance 1 of 4 adult inice inoculated intracere- 
brally with serum (blood drawn at 89 hours) from 1 of the 5 chickens developed 
mild convulsions on the 6th day following inoculation. Later this mouse was 
found dead, but brain tissue was not tested for the presence of virus. Serum 
obtained from the blood of the other 4 chickens failed to produce signs of 
encephalitis in mice. 

TABLE I 

Transmission of Virus 


Suspension of infective mouse brain tissue — ‘ mosquito — > chicken 


Strain of 
vims 

Somce of vims 
for mosquitoes 

Mosquitoes 


Time after 
infective 
meal when 
transmission 
was 

' attempted 

No. 

' Blood 

1 tested 
! for virus 

Species 

Lot 

No. 

1 of 
bites 

By 

hen 

1 eggs 
; to 
mice 

By 
[mice 
j only 

RNe 

Suspension of 

Culex quinquefascialus 

Cl-3 

iays 

12 

1 



H 

infective 
mouse brain 
tissue 

it a 

Anophdes punclipennis 

C4-1 

8 

1 



ti 

it tt 

“ qiiadrimacuJalus 

C3-I 

9 

2 

4- 

p 

n 

H it 

j A edes triseriatus 

C6-1 

9 

2 

-I- 



i( 

it tt 

1 “ aegypli 

05-1 

8 

2 

-f 

— ‘ 


Viremia resulted in chickens from the bite of each of 5 species of mosquitoes 
which had ingested virus suspension 8 to 12 days previously and was demon- 
strated by chorioallantoic passage in the developing hen's egg (Table I). 

Transmission of the Virus to Normal Chickens by Mosquitoes Infected by Feeding 
on Chickens Inoculated Subcutaneously 

Seven lots of mosquitoes of 4 different species, {Anopheles punclipennis and 
Culcx pipiens, 1 lot each; Aedcs aegypti, 2 lots; Culex quinqu^asciatus, 3 lots), 
were allowed to feed on chickens inoculated subcutaneously with the Hubbard 
egg membrane strain. I'iremia in these chickens was demonstrated by chorio- 
allantoic inoculation before and after the mosquitoes had fed. Ten to 33 days 
after the infective meal each of the 7 lots of mosquitoes was given opportunity 
to feed on a normal chicken. Blood was drawn from 5 of these 7 chickens 36 
to oO hours after exposure to the mosquitoes. Each of the other 2 chickens 
was bled 3 times, on the 1st, 2nd, and 3rd days after exposure. Blood samples 
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were tested for virus by chorioallantoic passage. Viremia was demonstrated 
in all of the 7 cliickcns. Since transmission occurred in 2 instances in which, no 
ingested blood was seen in the mosquitoes, it is possible that mere probing by 
the mosquito may be sufficient to transmit the virus in some instances. 

The 7 successful transmissions to chickens were accomplished with mos- 
quitoes utilized 10 to 33 days after the infective meal (Table II). 

TABLE II 
Transmission oj Virus 


Chicken inocul.itcd subcut.incous]y — » mosquito — * chicken 


Strain of 

Source of 
virus for 
mosquitoes 

Mosquitoes 


Time after 
infective 
meal when 

No. of 

Blood tested 
for virus 

vims 

No. of 
inoculated 
chicken 

Species 

Lot No. 

transmission 

was 

attempted 

bites 

By hen 
eggs 
to 

mice 

By 

mice 

only 

Hubbard 

1-83 

Ciilci: pipiens 

C19-2a 

days 

11-13 

6 

+ 


egg 

mem- 

brane 

(( i( it 

1-77 

Culex- quinquefascialus 

C10-2a 

10-11 

3 

+ 


it it it 

1-77 

it it 

C10-2b 

35 

1 

+ 

— 

it tt it 

1-83 

it it 

ClO-3 

13 

? 

+ 

— 

it tt it 

1-65 

Anopheles punctipennis 

Cl 1-1 

10-11 

? 

+ 

— 

it it it 

1-65 

A edes aegypti 

C8-1 

10-11 

6 

+ 

— 

it it a 

1-77 

it it 

CS-2 

11-12 

2 

-k 

— 


Transmission of ihe Virus to Normal Chickens by Mosquitoes Infected- by Feeding 

on Chickens Infected by Miles 

Transmission of virus by mosquitoes to normal chickens from chickens in- 
fected by mites was attempted 30 times using 27 different lots of mosquitoes. 
These lots included 5 species: Anopheles pnnetipennis, Aedes aegypti, Aedes 
vexans, CuJex quinqtufasciatus, and Culex pipiens. In the greater number of 
these experiments (20) Culex pipiens was used. In 17 of the 30 trials diickens 
bitten by mites of the Rippy colony constituted the source of virus for the mos- 
Quitoes. In the other 13 trials the chickens which served as the source of virus 
for mosQuitoes were infected b}'’ the bite of mites e.xperimentally infected witli 
1 of 3 strains of virus, the RNe strain, the Hubbard egg membrane strain, and 
the Mullen strain. In all chickens serving as a source of virus for mosquitoes, 
viremia was demonstrated during the period when tlie mosquitoes were fed. 
The periods allowed for incubation of virus in mosquitoes ranged from 5 to 55 
days. One sample of blood was drawn from each of 27 chickens, 34 to 64 hours 
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TABLE in 
Transmission of Virus 


Mite — > chicken — * mosquito ■;-* chicken 



Source of 
virus for 
mosquitoes 


Mosquitoes 


Time after 
infectiv'c 


Blood tested 

1 for vims 

1 

vinis 

infecting 

tQites 

Ko. of 
(Sicken 
with 
viremia 
owing to 
bite of mite 


Species 

Lot No, 

meal when 
transmission 
was 

attempted 

No. of 
bites 

«SS3 

to 

mice 1 

By 

mice 

only 

Rippy* 


Culex pijfiens 

C18-3 

dayt 

10 

11 

+ 


(< 


(( 

tt 

C184 

15 

1 

1 1 

— 

ti 


tt 

it 

C18-5 

16,24 

; 1.1 


-.0 

(C 

2-B2 

it 

tt 

ClS-10 

5 

2 

+ 

— 

tt 

2-10 

tt 

tt 

ClS-12 

5, 12 

1,4 

ij- -i- 


it 

2-73 

tt 

tt 

C18-22 

55 

3 


0 

RN4 

1-^5 

tt 

tt 

C24-2 

15-16 

6 

+ 


it 

1-S5 

it 

tt 

C24-1 

16 

1 



it 

2-11 

tt 

tt 

C24-6 

18 

20 



it 

2-64 

tt 

tt 1 

C24-12 

54 

4 


0 

MuUent 

2-01 

it 

tt •* 

C26-1 i 

12 

9 

+ i 


it 

2-01 

if 

(( 

C262 

18 

10 

+ 

0 

it 

2-21 

tt 

tt 

C26-4 
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35,12 


-.0 

tt 

2-23 

it 

tt 

C26-5 

10 

10 

+ 

0 

Hubbard 

2-03 

it 

tt 

C29-1 

14 ; 

^ ; 

+ , 

0 

egg 

mem- 
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(C (c (( 

2-13 

tt 

ft 

C29-4 

j 

14 

1 

4 

+ 

0 

tt tt tt 
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it 

it 

C29-5 

12 

3 

+ 

0 

Rippy* 

1-64 
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11 

1 
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tt 

1-76 

a 

tt 
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12 

8 

“h ! 


tt 

1-SS 

it 

it 

C14-3 

9 

1 

+ 


tt 

1-82 

it 

it 

C14-4 
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0? 


RK4 

1-79 

tt 

tt 

C21-1 

8-9 1 

6 

+ 


Rippy* 

1-64 

1 Ar.opheUs puncdpcnttis 

C12-1 

10 

1 



<« 

1-64 

j Aedes aegypii 

C7-1 


3 


_ 


1-76 

1 “ 

tt 

C(-2 


1 

+ 



1-94 

i “ 

vcxons 

C25-l,2 


1 

+ 

0 


2-17 

i ** 

it 

C25-4 


12 

4- 



— = no virus isolated. 

0 = blood not tested. 

Elites found infected in nature. 
♦ Mites experimentally infected. 
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after exposure to infected mosquitoes. EacJi of the other 3 chickens was hied 
3 times, on the 1st, 2nd, and 3rd days after exposure. 

In this series of 30 experiments transmission of the virus to chickens the 
bite of mosquitoes occurred 24 times (Table III). Chorioallantoic passage was 
necessary for the demonstration of viremia. Transmission was successful in 
at least one instance with each of the 5 species of mosquitoes used, and all 4 
strains of virus were transmitted. In those e.xporiments where transmission 
was successful, the period of incubation in tlie mosquito varied from 5 to 24 
days. The 6 unsuccessful trials occurred with 5 lots of mosquitoes: 1 of Acdcs 
aegypH, 1 of Culcx. quinqucfasciatus, and 3 of Cuhx pipiens. One lot of Cuhx 
pipiois failed to transmit the Mullen strain of virus at 8 days and again at 27 
days following infective meal. The other 2 lots of Culcx pipiens which gave 
negative results had been held for 54 to 55 days after the infective meal before 
tliey were tested for transmission of virus. In the one instance of Culcx quin- 
qucfascialus it was not certain whether any of the mosquitoes had attempted to 
bite the chicken. In the one instance where aegypti gave negative results, 
mosquitoes were used for transmission test 10 to 11 days following the infective 
meal. 


Control Experiments 

Two types of controls were used. Mosquitoes bred in the laboratory were allowed to feed 
on normal chickens, hatched and bred in the laboratory, and after a 12 d.iy intcr\’al were 
allowed to feed on other normal chickens. Blood samples drawn from tlie latter approxi- 
matel)’- 40 hours after exposure to the mosquitoes, were tested for virus by the chorioallantoic 
passage metliod. In the second type of control, mosquitoes were allowed a blood meal from 
chickens fed upon 2 to 3 days before by mites from a colony shown to be free of virus. After 
intervals of 12 to 14 d.a 3 's these mosquitoes were allowed a blood meal from normal chickens 
never exposed to mites. Two blood samples were drawn from each of the first group of 
chickens between 49 and 97 hours following axposurc to mites and 1 blood sample was drawn 
from eaclr of the second group of diickens at appro.ximatcl}' 40 hours following c.xposure to 
mosquitoes. The blood samples were tested for virus, as before, bj’ chorioallantoic p.assagc. 
In none of the control chickens was tliere any evidence of viremia. Two control e.xperiments 
of the first tj'pe were carried out, 1 ridth Cuhx pipiens and 1 with A'idcs aegypti and 3 of the 
second type, each with Cuhx pipiens. 

In summary, the mosquitoes used in successful transmission e.xperiments were 
infected witli the St. Louis virus in 3 ways: (1) by ingesting a suspension of in- 
fected mouse brain tissue (RNe strain) in brotli and defibrinated rabbit blood; 
(2) by feeding on chickens inoculated subcutaneously witli tlie Hubbard egg 
membrane strain of virus; and (3) by feeding on chickens in whidi viremia re- 
sulted from the bite of naturally infected mites and mites experimentall}'- in- 
fected with 3 strains of St. Louis virus. Control experiments of 2 types gave 
negative results consistently. Seven species of mosquitoes of 3 genera were 
used in these transmission experiments. 
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Transmission of the Virus to Young Mice by Infected Mosquitoes 

In attempts to transmit the virus to mice, young Swiss mice, 6 to 14 days 
of age, were anesthetized" lightly with dial and exposed to the bite of infected 
mosquitoes. Difficulties were encountered in that the young mice were not 
always able to withstand the procedure and in that mosquitoes did not bite 
mice readily. Satisfactory results were obtained in 9 instances only. 

Of these 9 mice (10 to 14 days of age), 5 received only 1 bite each, 2 received 2 bites each, 
and 2 mice received 5 and 16 bites respectively. The 9 lots of mosquitoes included 1 of 
Anopheles quadrimaculaliis, 1 of Anopheles punctipennis, 5 of Aides aegypli, 1 of Aides tri- 
scrialus, and 1 of Ctdes quinquejasciatus. The e.xperiments v,-ith Culex pipiens were among 
those which were considered inconclusive. The source of virus for 4 of the 9 lots of mos- 
quitoes was a suspension of infective mouse brain material. Two lots of the mosquitoes used 
were infected by feeding on a chicken inoculated with virus and 3 lots by feeding on a chicken 
bitten by infected mites. Periods ranging from 6 to 19 days were allowed for incubation of 
the virus in mosquitoes. None of the 9 mice developed signs of encephalitis: 3 were observed 
for a period of 21 days and then discarded; 4 were killed 10 daj-s following the bite of infected 
mosquitoes, and the brain of each was passed intracerebrally to 4 adult mice; 2 of the 9 mice 
were killed 13 daj-s following the bite of infected mosquitoes, and the brain of each was passed 
intracerebrally to 4 adult mice. No signs of encephalitis were noted in any of these passage 
mice. Four lots of the mosquitoes used in these experiments were infected by ingesting a 
a suspension of infective mouse brain tissue. Virus was isolated from triturated bodies of 
mosquitoes from 3 of these 4 lots. Nevertheless transmission of virus to mice by bite was 
not accomplished. 

Transmission of the Virus to Hamsters by Infected Mosquitoes {Culex pipiens) 

WTien difficulties were encountered in tbe transmission of virus to mice by 
infected mosquitoes, experiments with the Syrian hamster were undertaken. 
Since the hamster is large enough for bleeding at intervals, viremia tests were 
possible in addition to observation for signs of encephalitis. Two series of 
experiments were carried out (Table I\')- 

In the first series 13 young adult hamsters under dial anesthesia were exposed to mos- 
quitoes which had fed on chickens bitten by infected mites, turemia was demonstrated in 
all chickens used as a source of virus for mosquitoes. Transmission of the virus was attempted 
with 6 different lots of Ctilex pipiens, 8 to 24 days after ingestion of infective chicken blood. 
In 2 of these lots the infective meal was obtained from chickens bitten by mites of the Rippy 
colony, and in 4 lots the infective meal was obtained from chickens bitten by mites experi- 
mentally infected with the hluUen strain of virus. Four of the 13 hamsters succumbed im- 
mediately after the exposure period, apparently as a result of anesthesia; 2 of the 13 hamsters 
were observed for signs of encephalitis but were not tested for viremia; 6 were tested for viremia 
by bleeding twice at intervals between 40 and 90 hours, and 1 was bled 4 times at intervals 
between 40 and 108 hours after the beginning of e-xposure to mosquitoes. Of the 7 hamsters 
tested, 2 were shown to have viremia. In 1 hamster, which had been bitten by 9 mosquitoes 
13 daj*s after the infective meal (Rippy strain of virus), viremia was demonstrated at 64 hours 
but not at 40, 87, or 108 hours. In the other hamster bitten by IS mosquitoes 8 da>-s after 
the mfecrive meal (Mullen strain of \-irus), \-ircmia was demonstrated at 40 and at 68 hours 
after exposure. In each instance virus was isolated from heparinized blood by the chorio- 



TABLE IV 
Transmission of Virus 

Mite -> chicken — ‘ mosquito (Ciilcx pipicns) — * hamster 


Series I 


Strain o{ 
vims 
infecting 
mites 

Source of 
virus for 
mosquitoes 

Mosquitoes 
(Culrx 
fiipiens) 
Lot No. 

Time 
after 
infec- 
tive 
meal 
wlien 
trans- 
mission 
was at- 
tempted 

No. of 
bites 

Viremia in hamsters 
(blood tested by 
hen eggs to mice) 

Remarks 

No. of 
chicken 
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viremia 
owing to 1 
bite of mite 

+ 

- 
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Rippy* 

1-94 
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13 

9 

64 
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21 
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C26-51f 

18 

5 
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2-57 


8 

8 
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2-57 


11 

3 

48 
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a 
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1 
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n 
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6 

8 
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J Transmitted virus to chicken 5 days after feeding. 

§ Mites experimentally infected. 
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*1 Transmitted virus to chicken 10 days after feeding. 

Failed to transmit virus to chicken 55 days after feeding. 

Failed to transmit virus to chicken 54 days after feeding. 
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allantoic passage method. The hamster in which viremia was demonstrated at 40 and at 6S 
hours died as a result oi the second bleeding on the Srd day after exposure to mosquitoes. 
The second of the 2 hamsters shou-n to have viremia, the 5 in which %-iremia tests were negative, 
and the 2 which were not tested for viremia, a total of S, did not de\-elop signs of encephalitis. 
One of the hamsters which was tested for viremia with negative results, died S daj-s following 
exposure to mosquitoes. Brain tissue from this hamster was passed intracerebrallj- to mice 
with negative results. The 7 hamsters which were observed for approximately 2}^ months 
showed no signs of encephalitis. 

In the second series of experiments, 17 young hamsters under dial anesthesia, were exposed 
to mosquitoes (Cides pipiens) 4 to 43 days after the mosquitoes had fed on chickens infected 
by mites. The colonies of mites used to infect the chickens serving as source of virus for the 
mosquitoes, were derived from mites found infected in nature (Rippy colony) and from mites 
e-xperimentally infected with the RNc strain of virus. Virus was isolated by chorioallantoic 
passage from the blood of all chickens used as a source of virus for mosquitoes. Two of the 
17 hamsters exposed to mosquitoes died before thej- had been bled for the viremia test, either 
as a result of anesthesia or of trauma produced by intracerebral injection of aleuronat. Of the 
remaining IS hamsters, 1 was not tested for viremia; 1 or more blood samples from each of 
14 were tested for virus by chorioallantoic passage at periods of 26 to 81 hours after the ham- 
sters had been bitten by mosquitoes. In nine hamsters viremia was demonstrated at periods 
from 48 to 74 hours after exposure to mosquitoes; 2 of the 9 were bled 3 times, and viremia 
was demonstrated in 1 at 50 hours and at 74 horns but not at 24 hours, in the other at 26, 53, 
and 73 hours. A third hamster which was bled at 26 and at 53 hours showed viremia at 
both bleedings. Viremia was not demonstrated in 5 hamsters each of which was bled once 
at 50 to 81 hours after e.xposure to mosquitoes. . 

Of the 15 hamsters tested for viremia, 1 died immediately after bleeding; 14, which were 
observed for 2}^ months showed no signs of encephalitis. With the idea of facilitating in\'asioa 
of the brain by xrirus present in the blood, a number of hamsters were injected intracerebrally 
with aleuronat after exposure to infected mosquitoes. VTiile 5 hamsters which had received 
aleuronat proved to have viremia, there was no apparent ehect of the aleuronat in breaking 
the blood-brain barrier since not one of the 5 developed signs of encephalitis. 

Several lots of mosquitoes were used more than once in the transmission experiments. 
In one instance mosquitoes which were used on 5 different occasions, transmitted the virus to 
hamsters 4, 14, and 27 da\'s after the infective meal but not at 8 and 43 days after the in- 
fective meal. In another instance 1 lot of mosqrritoes which transmitted the virus to a 
hamster at 11 days after the infective meal had not done so at 8 days after the infective 
meal. A third lot of mosquitoes transmitted the virus at 6 daj'S and again at 15 daj's; in two 
other instances, 1 lot of mosquitoes which had transmitted the virus to a hamster 7 daj's after 
the infective meal, failed to transmit the virus to a chicken at 54 daj's, and another lot which 
had transmitted the x-irus to hamsters 6 and 15 daj'S after the infective meal, failed to trans- 
mit the virus to a chicken at 55 daj-s. 

As Table I\' shows virus was isolated in two series of e.xperiments from the 
blood of 11 of 21 hamsters tested for viremia, demonstrating the transmission 
of virus by mosquitoes infected through feeding on chickens infected by mites. 
Eight lots of mosquitoes transmitted virus at periods x-ar^mig from 4 to 27 days 
after the infective meal. Viremia was demonstrated on two occasions when 
one mosquito only was known to have bitten the hamster. In the other 9 
instances in which x-iremia was demonstrated, the number of known bites 
varied from 2 to 25. 
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DISCUSSION 

Within recent 3 '^ears evidence has been accumulating from field and laboratory’- 
studies -which indicates that St. Louis encephalitis is an arthropod-borne dis- 
ease. Isolation of the virus of St, Louis encephalitis from culicine mosquitoes 
collected in nature during epidemics and the transmission of the virus to experi- 
mental animals by the bite of mosquitoes emphasize the importance of this 
blood-sucking vector in the epidemiology of St. Louis encephalitis. The 
mosquito probably transmits the infection to higher animals and man. How- 
ever, certain facts suggest that it is not the sole vector involved in the epidemi- 
ology of the disease. The virus has not been shown to persist in hibernating 
mosquitoes, nor has transfer of the virus in mosquitoes by- way of the egg been 
demonstrated. While humoral antibodies to the virus of St, Louis encephalitis 
are present under natural conditions in vertebrates, particularly birds, there is 
no evidence that these animals constitute more tlian a transient source of virus. 
Apparently, virus remains in their blood for a few days onl 3 ^ Thus the ques- 
tion where the virus of this seasonal disease persists from year to year cannot 
be answered on tlie basis of the mosquito hypothesis alone. Also, there has 
been no adequate e.xplanation of why epidemics occur rarely in certain localities 
although a few endemic cases occur there from j'-ear to j’-ear. 

The isolation of tlie virus of St. Louis encephalitis from chicken mites 
(Dcnuaiiyssiis galUnac) collected under natural conditions during non-epidemic 
years has pointed to the possibility that this arachnid vector might be a reser- 
voir of the St. Louis virus. It has been shown that under laboratory conditions 
the virus is transferred through all stages of metamorphosis in the chicken 
mite, and that, once infected, a colony of chicken mites, by reason of trans- 
ovarial passage, maj"- remain infected for an indefinite period. By actual test 
it was shown that the virus remained in mites housed in the laboratory for a 
period of 3 years. \\'hile these findings suggest that Dermanyssus gallbiac is 
serving as a natural reservoir, the possibility’- must be considered that this 
arachnid may be merely an accidental host, and hence of no epidemiologic 
significance. In order to determine whether the chicken mite is concerned in 
the natural transmission of St. Louis encephalitis, it is essential to know 
whether infected chicken mites feeding upon normal cliickens can produce 
viremia. During the course of the present work this was accomplished many 
times, tlie blood of chickens fed upon by’- infected chicken mites being positive 
for virus for periods of 1 to 3 days, and in some instances 4 days, after the 
feeding period. It was demonstrated that mosquitoes feeding upon chickens 
infected by mites can acquire virus from the blood during the period of viremia, 
and that mosquitoes thus infected can transmit the virus to other chickens and 
to hamsters. Thus it is possible that in the epidemiology- of St. Louis enceph- 
alitis two blood-sucking vectors may'- be involved — one an arachnid, the mite. 
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maintaining the virus by transovarial passage and the other, an insect, the mos- 
quito, which carries the infection from birds to other vertebrates including man. 

In these studies demonstration of viremia in animals fed upon by infected 
vectors presented technical difficulties since virus is present in small amounts 
in the blood of such animals. Passage on the chorioallantoic membrane was 
necessary in order to increase the virus to a level sufficient to produce signs of 
encephalitis in white Swiss mice. The question of multiplication of the virus 
in the body of the blood-sucking vectors was considered. In the case of the 
chicken mite, the demonstration of congenital transfer of the virus and the 
comparative ease with which virus could be isolated from mites of succeeding 
generations constitute indirect evidence that mffitiplication of the virus occurs. 
However, the present results give no convincing evidence that the virus multi- 
phes in the body of the mosquitoes which were used in this investigation. On 
the other hand the amount of virus present in the body of the mosquitoes ap- 
peared to have a direct relation to the amount of virus ingested, even when a 
2 week period of incubation was allowed; that is, virus was demonstrated 
readily by direct inoculation of mice, with extracts from mosquitoes which had 
fed on a suspension of brain tissue containing high concentration of virus, 
whereas extracts from mosquitoes which had fed on chickens infected by mites 
contained small amounts of virus, which could be demonstrated only by means 
of chorioallantoic passage. 

I^ffiether the virus imdergoes changes in its characteristics, perhaps becoming 
less infective for vertebrates while maintaining itself in the body of an arthropod 
vector, is a question. The results reported here give no evidence of such a 
change in the mite since the virus from the bodies of chicken mites procured 
under natiual conditions was infective for white mice without requiring passage 
for adaptation, and since uninfected chicken mites were infected successfully 
with laboratory-adapted strains: the Hubbard egg membrane strain and- a 
strain isolated from the blood of a patient.* However, no detailed studies 
concerning this problem were undertaken. 

"While it was somewhat disappointing that the bite of infected mosquitoes 
which had acquired the xdrus from chickens infected by mites did not result 
in objective signs of encephalitis in hamsters or mice, viremia was demonstrated 
in hamsters in a significant number of instances. Even when efforts were made 
to break down the blood-brain barrier by the injection of aleuronat no signs of 
encephalitis were observed in these animals. 

These obsem’ations suggest that the epidemiology of St. Imuis encephalitis 
is a complex one, involving two blood-suddng vectors. A diagrammatic repre- 
sentation of this concept is given in Fig. 1. The chicken mite seems to be an 

> Slram F 103, isolated from the mosquito in California, was sent to us through the courtesy 
of W McD. Hammon. Several attempts to infect Drrmanyssus gallinae with this strain 
have l>ccn made hut up to the present time without success. 



136 


TRANSMISSION OF VIRUS BY MITES AND MOSQUITOES 


important reservoir vector in the St. Louis area. In other localities some other 
vector, probably an arachnid, may be playing a similar r 61 e; some species of 
mite, or a hard bodied tick, or a soft bodied tick are likely possibilities. Previ- 
ous experiments of Blattner and Heys with the tick, Dcrmaccnlor variabilis, 
demonstrating tliat the virus of St. Louis encephalitis can be passed through 
the egg and into the next generation through the various stages of metamor- 
phosis, suggested the potentiality of this arachnid as a reservoir for virus. 
However, in so far as we are aware, the St. Louis virus has not been encountered 
under natural conditions in any arachnid otlier than the chicken mite. The 
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Fig. 1. The possible epidemiology of St. Louis encephalitis. not )-et proved; 

' ■■ proved experimentally. 

concept of epidemiology outlined offers an e.xpIanation for the seasonal incidence 
of St. Louis encephalitis and for the persistence of the disease from year to year 
in a given coimnunity. Also it might explain adequately why so few major 
epidemics have been observed, since the requisite conditions appear to be 
exacting. Factors which probably would influence these conditions are tem- 
perature, relative humidity, the number of chickens in the community, tlie 
population of cliicken mites, breeding places for mosquitoes, prevalence of 
certain species of mosquitoes, availability of susceptible vertebrates in the 
community, and the like. The few endemic cases which have been observed 
from year to year could be e.xp]ained by assuming that in any given j^ear rela- 
tively few mosquitoes might acquire the virus from cliickens and that only a 
few individuals might be e.xposed to the bite of such infected mosquitoes. 
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Since the natural history of equine encephalomyelitis has many similarities 
to that of St. Louis encephalitis, it is conceivable that the same epidemiologic 
factors might be involved. The isolation by Sulkin (18) of the virus of equine 
encephalomyelitis from chicken mites collected in nature and the presence of - 
the virus of equine encephalomyelitis in the bird mite, Liponyssus syJviarum, 
as shown by Reeves, Hammon, and their associates (19) lend support to this 
suggestion. ' 


SUMMARY 

The present experimental results concern primarily the question, whether 
or not mosquitoes feeding on chickens having viremia, as a result of the bite 
of infected mites, can acquire the virus of St. Louis encephalitis and whether 
or not mosquitoes thus infected, can transmit the virus to chickens and ham- 
sters. 

During the course of the investigation, 7 species of mosquitoes of 3 genera 
were infected with the virus in one or two or all of three waj's: by feeding on a 
suspension of infected mouse brain tissue, by feeding on chickens in which 
viremia had been produced by subcutaneous inoculation of virus, and by 
feeding on chickens having wemia as a result of the bite of infected mites. 
These mosquitoes transmitted the virus to chickens at periods varying from 
5 to 33 days after the infective meal. 

The virus of St. Louis encephalitis was transmitted to hamsters by Culex 
pipiens at periods varjdng from 4 to 27 days after feeding on chickens having 
viremia as a result of the bite of infected mites, ^^^lile \'iremia was demon- 
strated readily in hamsters, signs of encephalitis did not develop. 

In all transmission experiments the method of chorioallantoic passage proved 
necessary for the demonstration of viremia. 

A concept of the epidemiology of St. Louis encephalitis is presented: two 
blood-sucking vectors may be involved, one an arachnid, the mite, maintaining 
the virus in nature by transovarial passage, and the other, an insect, the mos- 
quito, which carries the infection from birds to other vertebrates including man. 

BIBLIOGRAPHY 

1. Report on St. Louis Encephalitis, Pub. Health Bull. U.S.P.HS., No. 214, 1935. 

2. Muckenfuss, R. S., in Encephalitis, A Clinical Study, (J. B. Neal, editor), New 

York, Grune and Stratton, Inc., 1942, chapter 2, 47. 

3. Casey, A. E., and Broun, G. O., Science, 1938, 88, 450. 

4. Webster, L. T., Clow, A. D., and Bauer, J. H., J. Exp. Med., 1935, 61, 479. 

5. Fulton, J. D., Greutter, J. E., Aluether, R. 0., Hauss, E. V., and Broun, G. O 

Proc. Soc. Exp. Biol, and Med., 1940, 44, 253. 

6. Miumura, T., Yamada, S., Hazato, H., Mori, K., Hosoi, T., Kitaoka, M., 

Uatanabe, S., Okubo, K., and Tenjin, S., Tr. Jap. Path. Soc., 1937, 27, 573. 



138 


TRANSMISSION OF VIRUS BY XUTKS AND AIOSQUITOES 


7. Blattncr, R. J., and Hc3's, F. !M., Proc. Soc. Exp. Biol, and Med., 1941, 48, 707. 

8. Blattncr, R. J., and Hej's, F. M., J. Pediat., 1943, 23, 371, Blattncr, R. J., and 

Keys, F. IVf., /. Exp. Med., 1944, 79, 439. 

9. Reeves, W. C., Hammon, W. McD., and Izumi, E. JVI., Proc. Soc. Exp. Biol, and 

Med., 1942, 50, 125. 

10. Hammon, W. McD., and Reeves, W. C., Proc. Soc. Exp. Biol, and Med., 1942, 

61, 142. Hammon, W. McD., and Reeves, W, C., J. Exp. Med., 1943, 78, 
241. 

11. Hammon, W. McD., Reeves, W. C., Brookman, B., and Gjullin, C. M., J. Inject. 

Dis., 1942, 70, 278. Hammon, W. ^McD., Reeves, W. C., Brookman, B., Izumi, 
E. M., and Gjullin, C. ^M., Science, 1941, 94, 328. Hammon, W. McD., 
Reeves, W. C., Brookman, B., and Izumi, E. M., J. Inject. Dis., 1942, 70, 
263. Hammon, W. McD., Reeves, \V. C., and Izumi, E. M., J. Inject. Dis., 
1942, 70, 267. Meiklejohn, G., and Hammon, W. McD., J. Am. Med. Assn., 
1942, 118, 961. Reeves, W. C., and Hammon, W. McD., Am. J. Prop. Med., 
1944, 24, 131. 

12. Blattner, R. J., and Hej's, F. M., J. Am. Med. Assn., 1945, 129, 854. Blattncr 

R. J., and Keys, F. M., /. Pediat., 1946, 28, 401. 

13. Smith, M. G., data to be published. 

14. Smitli, M. G., Blattncr, R. J., and Heys, F. M., Science, 1944, 100, 362. Smitli, 

M. G., Blattner, R. J., and Heys, F. M., Proc. Soc. Exp. Biol, and Med., 1945, 
69, 136. 

15. Smith, M. G., Blattner, R. J., and Heys, F. M., J. Exp. Med., 1946, 84, 1. 

16. Smith, M. G., Blattncr, R. J., and Heys, F. M., J. Exp. Med., 1947, 86, 229. 

17. Bang, F. B., and Reeves, W. C., J. Inject. Dis., 1942, 70, 273. Reeves, W. C., 

and Hammon, W. McD., Am. J. Prop. Med., 1944, 24, 131. 

18. Sulkin, S. E., Science, 1945, 101, 381. 

19. Reeves, W. C., Hammon, W. McD., Furman, D. P., McClure, H. E., and 

Brookman, B., Science, 1947, 106, 411. 



THE CARCINOGENICITY OF CERTAIN DERI\^ATI\T:S OF 
;>-DIMETHYLAMINOAZOBENZENE IN THE RAT* 
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To determine how ^-dimethylaminoazobenzene acts to produce liver tiunors 
in the rat it is important to find what compound or set of compounds acts as 
the primary carcinogen (the compound(s) which directly initiates the cardnot- 
genic process) when ^-dhnethylaminoazobenzene is the parent carcinogen (the 
compound administered). We have attacked this problem through investiga- 
tions on the metabolism of this dye (1-4) and the effect of structure on its 
carcinogenic activity (5-7). The present paper reports further studies using 
the latter approach. 

Previous studies on the aminoazo dyes indicated that at least one iV-methyl 
group is probably necessary for strong carcinogenic activity. Thus Kinosita 
(8) found that ^p-diethylaminoazobenzene was inactive and Sugiura and his 
associates (9) have confirmed this observation. In addition the latter workers 
have shown that /^-di-n-propylaminoazobenzene, /^di-M-butj'laminoazobenzene, 
and /?-di-K-amylaminoazobenzene are also inactive. Furthermore, the first 
metabolite of j^-dimethylaminoazobenzene, p-monomethylaminoazobenzene, 
has the same potency as the parent compound (6, 7, 9) while p-aminoazoben- 
zene, the completely demethylated metabolite, is inactive imder our conditions 
(6, 7). It is important to note that the first demethylation in vivo is reA.'ersible 
(4) while no reversal of the demethylation of />-monomethylaininoazobenzene 
has been detected (4, 6). The azo group, — ^N==N — , appears to be needed 
for activity since the reduction products of /»-dimethylaminQazobenzene, N,N- 
dimethyl-;/)-phenylenediamine and aniline, are inactive (7-9) ; likewise the Schiff 
bases ^-dimethylaminobenzalaniline and ^'-dimethylaminobenzalaniline which 
contain the — CH==N — ■ linkage are inactive (7). A report has appeared re- 
cently (10) on the carcinogenic activity of )>-dimethylaniinostilbene which has 
the — CH==CH — linkage; this compound appears to possess some cardno- 
genic activity towards the rat liver. The initial study (7) from this campus 
further demonstrated that the substitution of a methyl group for hydrogen in 
the positions o-(2-), o'-(2'-), }n'-(3'-), or to the azo linkage produced 

wide variations in the activity of p-dimethylaminoazobenzene. This studv 

This investigation was aided by grants from the Xationaf Cancer Institute and the Ja.nc 
Cofiin Childs Fund for Medical Research. 

} rinncy-Ho-.YclI Fellow, 1945-1947. 
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resulted in the discovery of ;«'-metliyl-/>-dimethylaminoazobenzene as the most 
rapidly acting hepatic carcinogen and cirrhogcn* known for the rat (5, 7, 11). 

We have now e.xtended these studies through (1) the determination of the 
carcinogenicity of the known and certain possible metabolites of />-dimethyl- 
aminoazobenzene singly and in various combinations and (2) furtlier investiga- 
tions on the carcinogenic activity of derivatives of />-dimethylaminoazobenzene 
obtained through substitution of the amino group or ring positions. A part 
of these data has been published in abstract form (3). 

Preparation of Compounds 

Tile compounds ivhicli have been tested for carcinogenicity in these experiments are listed 
in Tables I to III. In an earlier paper (7) the substituents on the rings of the azo dyes were 
designated as o-, >«-, and p- and o'-, m'-, and />'- with respect to the azo linkage for substituents 
on the diamine and non-diamine rings, respectively. i Since a few of the dyes reported here 
contain two substituents on one ring, the positions have been numbered by starting with the 
carbon attached to the azo linkage as 1 on the diamine ring and 1' on the non-diamine ring. 
Using this system M'-methj'l-/)-dimcthj'laminoazobenzene becomes 3'-methyl-4-dimethyl- 
aminoazobenzene. The number nomenclature is used in the remainder of this paper for the 
azo dyes. 

The /i-arainophcnol, a-aminophenol hydrochloride, />-phcnylenediamine, />-hydroquinone, 
and 4r-aminoazobcnzcne as well as most of the intermediates used in the syntheses described 
below were obtained from the Eastman Kodak Co. The hydroclilorides of aniline, m-tolui- 
dine, A^'-methyl-^-phenylenediaminc, and iV, iV'-dime*thyl-/>-phenylenediamine were prepared 
from the redistilled amines by bubbling dry hydrogen chloride through a benzene solution of 
eacli compound. iy-Methyl-p-phenylenediaminc was obtained from />-nitro-iV-methylaniline 
by reduction with stannous chloride. 2,4'-Diamino-5-dimethylaminodiphen>d was prepared 
by the reduction of 4-dimelliylaminoazobcnzenc with stannous chloride (12); this amine was 
fed as the trih 3 '’drochloride. For the sjmtliesis of 3-dimetli.vlaminocarbazole-, 3-nitrocarbazole 
(13) was reduced to the amine with sodium hydrosulfite. The amine was methj-lated with 
dimeth}'! sulfate in dilute ammonia solution and the crude product isolated as the methiodide. 
The free base (m.p. 114-116°) was obtained from the recrystallized methiodide b}' sublimation 
ill vacuo. iV'-Benzoyl-iy, iV-dimetliyl-/>-phenylenediamine (m.p. 223-225°) was prepared by 
the general Scliotten-Baumann method. 

All of the azo dyes except 4-aminoazobenzene were sjmthesized in this laboratorj'. The 
corrected melting point listed for each compound was obtained on the recrystallized product 
and, where the compound has been prepared previously, agrees with the value reported in the 
common chemical literature. The compounds which have not been described previously were 
purified by chromatography on alumina before being analj'zed for total nitrogen; the deter- 
minations were made bj' the semi-micro Kjeldahl technique (14) after reduction with glucose. 

4-Aminoazobenzene (m.p. 124.5-125.4°) was recrj'-stallized twice from benzene-petroleum 
ether. 4-Formylaminoazobenzene (m.p. 162-162.5°) was sjmthesized through the reaction of 
formic acid with recrystallized 4-aminoazobenzene (15). Most of the N, iV-dialk\’l compounds 
were prepared by diazotizing 1 mole of the appropriate amine with 1 mole of sodium nitrite 
(concentrated water solution) in thepresenceof 2^moles of hj'drochloric acid in about 12 moles 
of water at 0° and adding the diazo solution to a 70 per cent ethanol solution of 1 mole of the 

1 7 .C., an agent causing cirrhosis. 

2 Dr. L. F. Small, National Institute of Health, Bethesda, Marj'land, kindly gave us the 
details of this unpublished s>’ntliesis. 
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desired tertiary amine in the presence of 2 moles of sodium acetate at 10-15°. Except where 
noted the crude products were recrystallized from benzene-petroleum ether. The following 
compounds were prepared in this manner: 4-dimethylaminoazobenzene (m.p. 117-118°), 
4-ethylmethylatninoazobenzene (m.p. 69.5— 71.5°; per centN, observed 1/.50, 17.76, theoretical 
17.52), 4-diethylaminoazobenzene (m.p, 96.5-98°), 4-benzylmethylaminoazobenzene (m.p. 
99.5-100°; per cent N, observed 14.63, 14.73, theoretical 14.63), 4rP-hydroxyethyhnethyl- 
ammoazobenzene (m.p., sinter 92°, melts 98-98.5°; per cent N, observed 16.59, 16.20, theo- 
retical 16.46), 3'-methyl-4-dimethylaminoazobenzene (m.p. 119.5-120.5°), 2', 4'-dimethyl-4- 
dimethylaminoazobenzene (m.p. 136-137°; per cent h7, observed 16.5/, 16.64, theoretical 
16.59), 2'-nitro-4-dimethylaminoazobenzene (m.p. 125-126°), 3'-nitro-4-dimethylaminoazo- 
benzene (m.p. 161-162°), 4'-nitro-4-dimethylaininoazobenzene (m.p. 227-229°), 2'-chloro-4:- 
dimethylaminoazobenzene (m.p. 109-110°), 3'-chloro-4-dimethylaminoazobenzene (m.p. 
103-104°), 4'-chloro-4-dimethylaminoazobenzene (m.p. 158-159°), and 3'-ethoxj’-4-dimethyl- 
aminoazobenzene (m.p. 105-106°; per centN, observed 15.58, 15.12, theoretical 15.60). 2',5'- 
Dimethyl-4-dimethylaminoazobenzene (m.p. 157.5-158°; per cent 1C, observed 16.40, 16.56, 
theoretical 16.59) was prepared similarlj' except that it was necessary to filter the diazo solution 
prior to coupling to remove the unreacted amine hydrochloride. Coupling was carried out at 
3° since the diazo solution was rather unstable at higher temperatures. In the synthesis of 
3', 5'.dimethyl-4-dimethylanunoazobenzene (m.p. 53-54°; per cent N, observed 16.24, 16.75, 
theoretical 16.59) the hydrochlorideof 3,S-dimethylaniline (preparedfrom 3,5-dimethylnitro- 
benzene by reduction with stannous chloride) was so highly insoluble that the volume of the 
diazotization mbcture was increased by using 3 moles of hydrochloric acid (and later 3J^ moles 
of sodium acetate) and by adding a small amount of ethanol to make stirring of the crystalline 
mass possible. Since the crude 3', 5'-dimethyl-4-<iimethylaminoazobenzene did not solidify 
at 0°, the mixture was made alkaline and the residual amines were removed by steam distil- 
lation. The azo dye was then extracted with benzene and the solvent removed f« cacao. On 
cooling the residue a caystalline mass was obtained; it was further purified bj’ adsorption on 
alununa from petroleum ether followed by elution with benzene and a final crystallhation from 
petroleum ether at 0°. 

For the preparation of the azo dyes containing only one alkyl substituent on the amino 
group equimolar amounts of benzenediazonium chloride (or a substituted benzenediazonium 
chloride) and the appropriate secondary amine were coupled in the presence of excess sodium 
acetate to yidd the diazoamino compound. This intermediate was dried and then rearranged 
to the aminoazo dye by heating in the presence of 3 moles of the secondarj' amine and 0.7 mole 
of the hydrochloride of the secondary’ amine at 45-60° for 2 to 3 hours so that only a small 
evolution of nitrogen occurred. \4Ticn the reaction was complete (dark red color) the azo dye 
was predpitated as the hydrochloride with excess 10 per cent hydrochloric acid. The crude 
hydrochloride was suspended in water and decomposed with excess alkali; the free base was 
recrystallized from benzene-petroleum ether. The yield of reciystallized product was about 
40 per cent of theoretical. 4-Monomethylaminoazobenzene (m.p. 88.0-88.5°), 3'-methyl-4- 
monomethylaminoazobcnzene (m.p. 109-110°; per cent N, observed 18.52, 18.33, theoretical 
18.65), 4-monoethylaminoazobcnzene (m.p. 86.5-87.5°; per cent N, observed 18.45, 18.43, 
Uicorctical 18.65) and 3-methyl^raonomethyIaminoazobenzene (m.p. 89-90°; per cent 
obscrv-cd 18.54, 18.58, theoretical 18.65) were prepared in this manner. The .V-methyl-o- 
toluidinc used itr the synthesis of the latter compound was prepared by converting redistilled 
o-tolurdme to the fi-tolucncsulfonamide and methylating the recrystallized sulfonarradc with 
dimethyl suUatc in alkaline solution . The sulfonamide of the A'-methyl-o-toIuidine was h vdro- 
Ij^cd by boding rn 20 per cent hydrochloric acid for 100 hours and the arm'nc obtained bv s'tcam 
distillation of the hydrolysate after the addition of e.xce$s alkali. 

The prcp.aration of 3-mcthyl-4-dirr.cthylaminoa2obcnzcne has been hindered by the relative 
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inability of o-nictby)-A% A^-climclhylanilinc to couple with benzenediazonium chloride (7). 
Attempts to methylate 3-mcthyl-4-monomethylaminoa7.obcnzene ^vith dimethyl sulfate in 
aqueous or mcthanolic alkali, witli sodium and methyl iodide, or by a mixture of formic acid 
and formaldehyde were also unsuccessful. However, a few grams of the crude product were 
obtained in the following manner. One hundred and twenty-five ml. of a benzene solution 
containing 0.02 mole of 3-methyl-4-monomcthylaminoazobenzene and O.OS mole of dimethyl 
sulfate were kept at 37° for 2 daj’s. The solvent was then removed in vacuo, and tlie residue 
was hydrolyzed at 70° for 1 hour in 100 ml. of 6 N potassium hydro.xide in 25 per cent methanol. 
The mi.xturc was diluted with an equal volume of water and extracted e.xhaustivcly with 
benzene. The volume of the e.xtract was reduced in vacuo, 0.08 mole of dimethyl sulfate 
added, and tlie mi.xture again incubated as before. After isolating the dye in the manner de- 
scribed above, it was subjected to a tliird treatment with methyl sulfate in the same manner. 
The mixture of azo dyes extracted after the Uiird mcthylation was refluxed for 2 to 3 hours with 
0.15 mole of acetic anhydride in 15 ml. of pyridine. The acetylation mi.xture was then diluted 
to 75 ml. ^vith benzene, and the 3-methyl-4-dimetliylamino.azobcnzcne was removed by 4 ex- 
tractions witlr 30 ml. portions of 5 N hydrochloric acid. The A’'-acetyl-3-methy'l-4-mono- 
metliylaminoazobcnzene was not extracted under , these conditions. After the addition of 
excess alkali to the acid solution, tlie 3-mctliyl-4-dimcthylaminoazobenzcnc was extracted 
with benzene and the product was obtained by removal of the solvent in vacuo. The over-all 
yield from the monometliyl dye was 30 to 40 per cent. The dimethyl dye did not crystallize 
and, due to the limited supply, was fed as such. When analyzed by chromatography on an 
alumina column (16) only one major homogeneous band and traces of the starting material 
were found. The chromatographically pure band ydelded an oil which could not be crystallized 
but which contained 17.11, 17.38 per cent nitrogen (theoretical 17.52). We have already’ dis- 
cussed (7) tlie note of Hantzsch who reported a melting point but not his method of sy'nthesis 
for tliis compound. 

4-Hydroxyazobenzcnc (m.p. 155-156°) was prepared by’ coupling equimolar quantities of 
benzenediazonium diloride and phenol in alkaline solution at 10-15°. For the syntliesis of 
4'-hy’droxy-4-aminoazobenzene (m.p. 180-181° decomposes) A’’-acety'1-^-phenylenediamine 
was diazotized in the usual manner and similarly' coupled with phenol. The mixture was then 
neutralized to pH 7, the crude A'’-acetyl-4'-hy’droxy’-4-aminoazobcnzene filtered OB', and finally 
hy’droly’zed under reflux with excess 5 per cent sodium hydroxide. 4'-Hydroxy’-4-monometliyl- 
aminoazobenzene (m.p. 196-198° decomposes; per cent N, observed 18.28, 18.16, theoretical 
18.49) was obtained from N, A''-acetylmethy’l-/>-phenyIenediaminc and phenol in the same 
manner. The diamine was prepared by the reduction of /’-nitro-rV-acetylmctliylaniline with 
stannous chloride. In the preparation of 4'-hy’droxy’-4-dimethy’laminoazobenzene (m.p. 201- 
202° decomposes) />-aminophenol was diazotized and coupled with dimethy’Ianiline; coupling 
did not take place immediately' but after 1 to 2 days at 0-5° a cry’stalline mass precipitated. 

Since the diazotization of e-aminophenol yields a diazo oxide which will not couple with 
dimetliylaniline, 2'-hy'dro.xy'-4-dimetliy’larainoazobenzene (m.p. 143-144°; per cent N, observed 
17.60, 17.32, theoretical 17.42)’ was prepared as follows. o-Nitrophenol was cstcrified with 
/>-toluenesulfony’l chloride in py’ridinc solution at 45°. The nitro compound was reduced to 
the /i-toluenesulfonyl ester of o-aminophenol by' adding gradually an aqueous solution of o 
moles of sodium hy’drosulfite to an ethanol solution of 1 mole of the nitro ester at 60-80°. The 
resulting amine was then diazotized and coupled with dimetliy’Ianiline by' tlie usual procedure. 
After saponification of tlie azo ester under reflux for 2 hours in ethanolic sodium hydroxide tlic 
2'-hydroxy-4-dimethy’laminoazobenzene precipitated upon neutralization. 3'-Hydroxy-4- 

’ We are indebted to Mrs. Virginia M. Kline for assistance in the sy’ntheses of these 
liy'droxyaminoazo dyes. 
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dimethylammoazobenzcnc (m.p. 139.5-140°; per cent N, obser\’ed 17.54, 17.23, theoretical 
17.42) was prepared in the same manner to prevent the coupling of the diazotized nj-amino- 
phenol with itself. The ^-toluenesulfonyl ester of in-nitrophenol was prepared as described 
above; the reduction was also similar to that already described except that a mixture of 3 per 
cent acetone and 97 per cent ethanol was needed to dissolve the nitro ester. Due to its in- 
solubility it was necessar>- to diazotize the /i-toluenesuUonyl ester of m-aminophenol as a fine 
suspension in a 60 per cent ethanol solution of hydrochloric acid. Coupling of the diazonium 
compound and saponification of the azo ester followed the procedures described above. All 
of the hydrox>-aminoazo dyes were recrystallized from ethanol-water. 

Method of Assay 

With the exceptions to follow each compound listed in Tables I to HI was fed to 12 yoimg 
adult male albino rats of the Sprague-Dawley strain and 150 to 200 gm. in weight. Because 
of a limited supply of the compounds only 10 rats were fed 3-dimethylaminocarbazole, and 6 
rats each the 2,4'-diamino-5-dimeth3’laminodiphenyl and 3-inethyl-4-dimethj-laminoazo- 
benzene. Each of the monophenjd amines and />-hydroquinone was fed to groups of 6 rats. 
Our previous experience with the latter compounds in metabolic tests indicated that they 
possessed little toxicitj’ when fed at such levels and would probably prove to be non-car- 
dnogenic. Six to 16 compounds were tested simultaneouslj', and each series was controlled by 
a group of 12 rats fed 0.06 per cent of 4-dimethylaininoazobenzene. .All of the rats were fed 
ad lUnium a semisjmthetic diet (7) consisting of crude casein, 120 gm.; com oil, 50 gm.; rice- 
bian concentrate (vitab), 20 gm.; salt mixture, 40 gm.; and glucose monohj'drate, 770 gm. 
The hydroxj'aminoazo dyes were added to the diets in a small volume of- acetone, while the 
monophenylamines, /i-hj-droquinone, 3-dimethylaminocarbazole, and 2,4'-diamino-5-di- 
methylaminodiphenyl were ground with a few grams of glucose before being added to the diets. 
All of the remaining compoimds were dissolved with heat in the com oil of the diets. One drop 
of halibut liver oil was fed monthl 3 -, and the animals were housed in groups of 6 in screen-bot- 
tomed cages. In general, at the end of the d 3 ’e-feeding periods indicated in the tables the 
livers were examined b 3 ’ laparotom 3 ' and the rats were then fed the same diet without the test 
compound for an additional 2 months (17). In the case of the monophen 3 -lamines (Table I, 
groups 12 to 16; Table II, groups 10 to 12) the rats were fed the compounds continuousl 3 - for 
9 months and then killed. 


RESULTS 

The results of the tests on the caremogenidty of the compounds related to 
4-dimethylaniinoazobenzene are listed in Tables I to m. The three control 
groups fed 4-dimethylaniinoazobenzene had tumor incidences of 70 to 92 per 
cent at 4 months and 100 per cent at 6 months. However, since some varia- 
tion is obser\'ed in groups fed at various times, the control group selected for 
each table was the group fed 4-dimethylaminoazobenzene simultaneously with 
the rnost active compounds included in that table. All of the azo dyes, except 
4-aminoazobenzene, were fed at molar levels equivalent to 0.06 per cent of 4- 
dimethylaminoazobenzene, but the times of feeding x’aried with the activity of 
the compound. Accordingly, the following formula has been used to obtain a 
Totigh index of relative activity of these compounds: 

Relative activity = 6 X 4 X per cent tumors with test compoupd 

Months fed X per cent tumors with 4-dimcthylaminoazobenzene 



TABLE I 

The Carciiiogciiicily of Various Kimon and Possible Mctabolilcs fl/d-Dimeltiylauiiiwazobeitscne 
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'where the setivitv of 4— HTm ethylsnHnoszobenzeiie hs-s been, desi^nsted 3.rbi* 
trarily as 6 when this dye is fed for 4 months. The per cent of tumors at the 
end of the dye-feeding was generally used for calculation; however, if no tumors 
had appeared at this time the incidences at the end of the experiment were 
substituted. In general, the extent of the cirrhosis and, except where noted, 
the toxicity (weight loss) of the various compounds paralleled their carcino- 
genic actuaries. The survival of the rats fed the azo d3'es ranged from 83 to 
100 per cent at the end of the dye-feeding period and 100 per cent smudval was 
obtained with all of the other compounds. 

Table I lists the compounds which are either known to be metabolites of 4- 
dimethylaminoazobenzene or which have been suggested as possible deriva- 
tives in vivo. As reported earlier (6) 4-monomethylaminoazobenzene (group 2) 
has an activity equal to that of the dimethyl compound; none of the other 
compounds showed any actudty either as a carcinogen or as a cirrhogen imder 
these conditions. 4-Aminoazobenzene was inactive when fed at twice the molar 
level for 9 months. Similarly 4'-hj'droxj'-4-aminoazobenzene, 4'-h}'droxy-4- 
monomethylaminoazobenzene, 4-hydroxyazobenzene, and 4'-h\'droxy-, 3'- hy- 
droxy-, and 2'-hydroxy-4-dimeth}daminoazobenzene were all inactive when fed 
at molar levels equivalent to 4-dimethylaminoazobenzene for 6 months. How- 
,ever, 4'-hydroxy-4-dimeth3daminoazobenzene caused about twice as great a 
loss in weight as 4-dimethylaininoazobenzene while the other non-carcinogenic 
azo dyes were much less toxic in this respect than the reference compoimd. 
2,4'-Diamino-5-dimethylaininodiphenyl and S-dimethj'laminocarbazole were 
also inactive when fed for 4 months. ^-Phenylenediamine and its A*-methyl 
and i\’,i\*-dimethyl derivatives were non-cardnogenic when fed at 3 times the 
molar level for 9 months. iVjA^-Dimethyl-p-phenylenediamine was also non- 
carcinogenic when fed at 3 times the molar level with «z-toluidine or p-hydro- 
quinone, which might act as an antioxidant to preserv^e the diamine in the 
diet and digestive tract (Table II, groups 10 and 11) ; no activity was observed 
when the diamine was fed as the benzamide (Table 11, group 9). o-Amino- 
phenol and p-aminophenol were likewise inactive (Table I). Fma%, neither 
cirrhosis nor tumors were obtained when a mixture of the following known and 
possible metabolites was fed to 15 rats for 11 months: 0.04 per cent of 4-amino- 
azobenzene and 0.01 per cent (calculated as free base) each of 4'-h\'droxy-4- 
dimethylamino^bbenzene, 4'-hydro.xy-4-monometh}daminoazobenzene, 4'-hj’’- 
drox3’-4-aminoazobenzene, A ,A'-dimethyl-p-phenylenediamine dihj-drochloride 
A'-monomethyl-p-phenylenediamine dihj'drochloride, p-phenjdenediamine, ani- 
line hj’drochloride, and p-aminophenol. 

The tj-pe of alkjd group combined with the amino group has a marked effect 
on the carcinogenicity of the aminoazo dyes (Table II). At least one methyl 
group appears to be essential for activity; thus 4-diethylaminoazobenzene and 
4-formylaminQazobcnzcnc were inactive while 4-dimethyl-, 4-monomethyl-, and 
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I'AWLE II 

The Carcino^enicUy of Certain N-Suhstituted Derivatives of 4-Aminoa:olcnzene 


CROUP 

COMPOUND FED 

PER CEN1 

IN 

DIET 

TIME 

CGVPOUNO 

WAS FED 

MOS. 

GROSS 

CIRRHOSIS 

AT END OF 

FEEDING 

COMPOUND 

TUMOR 

INCIDENCE 

PER CENT 

RELATIVE 

ACTIVITY 

OF 


6 

MOS 

8 

MOS. 

COMPOUND 

DYES WITH VARIOUS SUBSTITUEWTS ON THE AMINO GROUP 

(LEVEL IM DIET. 2.67 MILLIMOLS /'kGM.) 

■ 

4-DIMETHYLAMINOAZOBENZENE 

.060 

D 

MOO.- 

SEVERE 

92 

100 

B 


2 

On=nO<^ 

4-MONOMETHYLAMlNO AZOBENZENE 

.056 

II 

II 

85 

100 

1 

6 

3 

4- ETHYLMETHYLAMINOAZOBENZENE 

.064 

II 

II 

84 

100 

1 

6 

D 

4-DIETHYLAM1N0A20BEN2CNE 

.067 

6 

NONE 

0 

0 

0 

0 

5 

4 -MONOETHYLAHINOAZOBENZENE 

.060 

■ 

M 

0 

0 

0 

0 

6 

4-0ENZYLMETHYLA.MINOAZOBENZENE 

.077 

It 

II 

0 

0 

0 

0 

B 

4-p -HYOROXYETHYLMETHYLAMINOAZOBENZENE 

.068 

It 

II 

0 

0 

0 

0 

8 

On=nGnCS"'’ 

4-F0RMYLAMlN0A20aENZENE 

.060 

II 

II 

0 

0 

0 

0 

MISCELLANEOUS COMPOUNDS 

9 

0§-(10n(CH3)2 

N'^- BENZ0YL-N,N-DIMETHYL'P-PHENYLENE DIAMiNE 

.064 

6 

u 

0 

0 

0 

0 

10 

N.N-DIMETHYL-p-PHENYLEHE HjIvONCCHa), 
DIAMINE DIHYDRODILORIDE .aHCI 

ct-toluidne hydrochloride 

.168 

.117 

9 

II 

b 

0 


0 

■ 

H,N-DIMETHYL-p-PHENYLENE Haf/QNCCH,)- 
DIAMINE OIHYDRO CHLORIDE -SHCI 

p-HYOROQUINONE 

.168 

.029 

II 

II 

0 

0 

II 

B 

12 

p'HYOROQUINONE HO^OH 

.029 

II 

II 

0 
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BB 


































































































J. A. MILLER ASr» E. C. MILLER 


147 


4-ethylmethyl aminoazobenzene were equally carcinogenic. However, the 
presence of one i\’-ineth>4 group is not sufficient to insure carcinogenicity 
since 4 -ben^'lniethylaininoazobenzene and 4-/3-hydrox)''etHj'lmethylaminoazo- 
benzene were inactive. . . 

In an effort to rationalize the different activities of the aminoazo dyes with 
at least one methyl group on the amino nitrogen, the blood and livers of rats 
fed these compounds were analyzed for aminoazo dyes as described previously 
(16). It was found possible to separate mixtures of aminoazo dyes into groups 
of primary, secondary, and tertiary compounds on an alu min u m oxide column, 
but mixtures of two or more secondary or tertiary aminoazo dyes could not be 
resolved sufficiently in this manner to make work with microgram quantities 
practical. Accordingly, the azo dyes present in the livers could only be ana- 
lyzed qualitatively for the presence or absence of each class of compounds. 
Since 4-aminoazobenzene was found to be the only azo dye present in the blood 
when any of these dyes were fed, its level could be determined quantitatively. 
The livers of rats fed 4-dimethyl-, 4-monomethyl-, 4-ethylmethyl-, or 4-diethjd- 
aminoazobenzene contained all three classes of azo dyes while the livers from 
rats fed 4-monoethylaminoazobenzene contained primary and secondary amino- 
azo dyes with possible traces of tertiary compounds. Similar data have been 
obtamed by others for the diethyl compound (18). In all of these cases the 
primary aminoazo dye (4-aminoazobenzene) accounted for more than half of 
the total azo dye present. However, when 4-j3-hydroxyethylmethylaminoazo- 
benzene or 4-benzylmethylaminoazobenzene was fed, the aminoazo dye was 
found to be largely tertiarj’- with only traces of the primary and secondary com- 
pounds. The analyses for 4-aminoazobenzene in the blood were in agreement 
with these observations since 12 to 15 fig. were found per ml. of blood from rats 
fed 4-dimethyl-, 4-monomethyl-, 4'diethyl-, 4-monoeth3d, or 4-ethyhneth3d- 
aminoazobenzene while only 1 to 2 fig. per ml. were present in the blood from 
rats fed 4-benz3'hnethyl- or 4-j3-h3'’droxyeth3'lmeth3'laminoazobenzene. 4-Di- 
P-h 3 'droxyethylaminoazobenzene ako gives rise to oiil 3 ’- low levels of 4-amin6- 
azobenzene in the blood (19) . Thus it would appear that the rat can demeth 3 '- 
late or deeth 3 ’late certain aminoazo dyes quite readily, but removes benz 3 d or 
^-hydroxyethyl groups from such dyes slowly. Fiuther, since 4-eth3'hnethyl- 
aminoazobenzene is strongly carcinogenic while 4-diethylaminoazobenzene and 
4-monoethylaininoazobenzene are inactive, it seems probable that the eth 3 -l 
group may be removed prior to the meth 3 d group from the ethylmeth 3 d deriva- 
tive and thus yield the active 4-monomethylaminoazobenzene in vivo. 

Further experiments on the effect of ring substituents on the potenc 3 ' of 
4-dimetb3’laminoazobenzene are presented in Table HI. In agreement with 
other studies (5, /, 11) J^-meth3’l-4-dimethylaminoazobenzene was much more 
active than the reference compound, and its monometh 3 -l derix-ative, 3'-metbyl- 
4-monomcthylaminoazobenzene, was found to be as active as the dimethyl 
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TABLE HI 

The Cardiw^ciiicily oj Vurwiis R:iii;-Siihsliliilcd Derivatives af ■i-Diincthylamincavolenscnc 



{^n=nQn(ch5'2 

es, - OIMETHYUWNOAZOBENZENE 


©N=M^fcH3)2 

3- METHYL- A- 01KETHYLAMINOAZOBEN2ENE 




"^|3n=nQn(CH3)2 


^ 064 3 

3-METHYL-4-DIMETHYLAMIN0A203EN2D)£ 




^N=N©N(CH3)2 

HjC 


3,5-DIMETHYL-4-0IMETHYLAHIN0A20BENZENE 




H^3(]^nI:nQn(CH3)2 

2^4 - OIMETHYL-4-OlMETHYL AMINO AZOBENZEKE 




Qn=nQn(CH3)2 

2'NlTR0-4- DIMETHYLAMINOAZOBENZENE 


CI©N=nQn(CH3)2 

4- CHLORO-4-DIMETHYLAMINOAZOBENZENE 



ON=nQn(CH3)2 



3-CHLORO-4-DIMETHYLAM1NOAZOBENZENE 


<[Jn=mQn(CH3)2 

2-CHU0R0-4-DIMETHYLAMIN0AZ0EENZENE 
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compound. ‘ WTien 3 '-methyl- 4 -dimethylaminoazobenzeiie and d^imethyl- 
aminoazobenzene have been compared at various levels of dye and for various 
tunes of feeding, tbe S'-metb}’! derivative has been found to be approximately 
twice as active as the reference compound (11) hence it has been given a rela- 
tive activity of 10 to 12 even though the present experiments were not designed 
to measure such strong activity. 3-Methyl4-monomethylaminoazobenzene in- 
duced a liver tumor in 1 of 12 rats at 9 months and was assigned an activity of 
less than 1 . 3-Methyl-4-dimethylaminoazobenzene did not produce any tumors 
in 6 rats; however, the preparation was non-cr>'Stalline and only a small number 
of animals were used, so that it is quite probable that the 2 compounds would 
be equally active (though very weak) under appropriate conditions. The 
derivatives of 4-dimethylaminoazobenzene containing ring methyl groups in 
the 3' and 5', 2' and 5', and the 2' and 4' positions were aU inactive when fed 
for 7 months. 3'-Ethoxy-4-dimethylaminoazobenzene had a potencj’^ of less 
than 1. Introduction of a chloro group in the 3' position gave a compound 
about as active as 4-dimethylaminoazobenzene while the 2'-chloro and 4'- 
chloro derivatives were one-third and one-fomth as active, respectively. Sim- 
ilarly, 3'-nitro-4-dimethylaminoazobenzene was about five-sixths as carcino- 
genic as the reference compound and 2'-nitro-4-dimethylaminoa2obenzene was 
only half as active. It was also planned to include 4'-nitro-4-dimethylamino- 
azobenzene in this series, but its high melting point (229°) and low solubility in 
oil suggested that it might not be absorbed readily from the tract. MTien 
qualitative tests on the feces of rats fed the dye indicated that large amounts 
were excreted unchanged, the carcinogenicity test was discontinued. 

At the completion of all of the tests for carcinogenic activity, pairs of rats 
were fed each of the azo dyes (at a level equh^lent to 0.06 per cent of 4-di- 
methylaminoazobenzene) included in this report as well as the x-arious C-mono- 
methyl derivatives of 4-dimethylaminoazobenzene which were studied previ- 
ously (7). Feces from each rat were tested qualitatively for aminoazo dyes by 
crushing in 7 N HCl (and 0.5 x HCl for the hj’^droxjuminoazo dyes); less than 
100 fig. of any of these dyes gives an intense red color vmder these conditions. In 
those cases where the qualitative tests were positive, quantitative collections 
of the feces were made for two successive 24 hour periods and the dju was 
removed from the dried feces by e.xhaustive extraction with acetone in a Soxhlet 
apparatus. Approximate!}- 2 per cent of the administered 4'-chloro-4-di- 
methylaminoazobenzene, 15 per cent of the 4'-methyl-4-dimethylaminoazoben- 
zene, 40 per cent of the 3'-nitro-4-dimethylaminoazobenzene, and 45 per cent 
of the 4'-nitro-4-dimethylaminoazobenzene were excreted in the feces. Rats 
fed 4-dimethylammoazobenzene excreted less than 0.1 per cent of the adminis- 
tered dye by this route (4) and the rats fed the remaining dyes excreted less than 
1 per cent. These data indicate that the real carcinogenic activities of 4'- 
mcthyl-and 3 -nitro-4-dimethylaminoazobenzene are probably greater bv at 
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least 20 and 60 per cent, respectively, than the values obtained. As a result of 
these lindings 4'-nitro-4-dimcthylaTninoazobenzcnc is again under test. 

DISCUSSION 

It is of considerable interest that of the IS known or possible metabolites of 
4-dimethylaminoazobenzene tested in these e.xperiments only one, 4-mono- 
methylaminoazobenzene, has e.vhibitcd carcinogenic activity. This compound 
possesses the same carcinogenicity as its precursor (6) and, further, since each 
of these dyes is converted into the otlier in vivo (4), they can best be described 
as metabolites of each other. However, d-aminoazobenzene, another known 
metabolite (4), has proven inactive even when fed twice as long at twice the 
molar level as the methylated d)'cs. This obsen-ation, whicli is in agreement 
with previous work (6, 7, 9, 20) parallels our failure to detect in vivo any melhy- 
lation of 4-aminoazobenzenc to the mononiethyl dye (6). The work of Kirby 
(21) indicating that 4-aminoazobenzcne ma}*- have carcinogenic activity of a 
verj’^ low order has been discussed elsewhere (6). .'Vlthough evidence e.\'isls for 
the formation of the 4'-hydro,\y derivatives of 4-monomethylaminoazobenzene 
and 4-aminoazobenzene in the rat following the ingestion of either the former 
dye or its dimethylamino precursor (2, 3) neither of these hydro.vy dyes was 
active. Likewise, the 2'-, 3'-, and 4 -In'dro.vy dcri\'atives of 4-dimeth)'lam- 
inoazobenzene, the possible product of deamination, 4-hydro.\yazobenzene, 
and a possible metabolite of 4-monomethylaminoazobenzene, 4-formylami- 
noazobenzene, all proved inactive. It is to be noted that the benzidine 
rearrangement product of 4-dimetliylaminoazobenzene, 2,4'-diamino-5-di- 
methylaminodiphenyl, was inactive even when fed at twice the molar level as 
its supposed precursor, 4-dimethylaminoazobenzene. No valid evidence has 
been adduced that this compound is produced in vivo from 4-dimethylaminoazo- 
benzene although the results of the color test of Elson and Warren (22) applied 
to the urine of rats fed the dye have been construed as such (22, 23). This 
diphenyl derivative, like the simpler diamines theoretically derivable from tlie 
parent dye, has been the subject of an undue amount of speculation (22-24); 
the actual test for the carcinogenicity of this compound is recorded here for the 
first time. We also tested the activity of 3-dimethylaminocarbazole and found 
it to be zero. This compound was fed since it could conceivabl)'’ be formed by 
a deaminative cyclization of a rearrangement product of Uie h}Tpothetical me- 
tabolite, 4-dimethylaminohydrazobenzene. A similar set of reactions have 
been suggested by Cook and his coworkers (25) for the metabolism of the he- 
patic carcinogen, 2 , 2'-azonaphthalene, in the mouse. In tliat species the two 
proposed metabolites of the hypothetical intermediate, 2,2'-hydrazonaphtha- 
lene:2,2'-dianiino-l,l'-dinaphtliyl and 3, 4, 5, 6,- dibenzcarbazole, were eacli 
found to be carcinogenic for the mouse liver. Nor did any of the mixtures 
of amines derivable by complete reduction of the azo linkage in the highly active 
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carcinogens 4-dinietliylaminoazobenzene, 4-inonomethylaminoazoben2ene, or3'- 
niethyl-4-cliniethylaminoazobenzene prove to have any activity. The known 
metabolites, ^-phenylenediamine (2, 3, 26), /i-aminophenol (2, 3, 26), and o-ami- 
nophenol (2, 3) also were inactive. Finally, a mixture of 9 possible and known 
metabolites of 4-dimethyl- and 4-monomethylaminoa2obenzene proved inactive 
when fed for 11 months. This mixture was fed before o-aminophenol was foimd 
to be a metabolite of the dimethyl dye. Recently WTiite and her associates 
(27) have found a very low incidence of Ih'er tumors in rats fed aniline for 
15 to 31 months. As indicated below the low activity of this metabolite may 
have no significance in carcinogenesis by 4-dimethylaminoazobenzene. 

Thus of the possible and known metabolites of 4-dnnethylaminoazobenzene 
that have been tested 4-monomethylarainoazobenzene at this time stands alone 
in its ability to act as a hepatic carcinogen. This led us to the tentative con- 
clusion (3) that in the rat 4-dimethylaminoazoben2ene itself, 4-monomethyl- 
aminoazobenzene, a mixture of these dyes, or an azo dye closely related to these 
dyes is the primary cardnogen when 4-dimethylaminoazobenzene is fed. How- 
ever, it is important to note that activity, positive or negative, of a possible or 
proven metabolite cannot necessarily either implicate or eliminate it as respon- 
sible for the activity of the parent compound. Thus, while the testing of 
metabolites is a necessary' first step it alone carmot supply conclusive evidence; 
supporting data of a more direct nature are necessary. We feel that we have 
partially supplied this in our recent work (1) on the protein-bound dyes pres- 
ent in the livers of rats fed 4Kiimethylaminoazobenzene. Our present position 
on the question of how 4-dimethylaminoazobenzene acts to produce liver tumors 
in the rat is based on the several correlations formd between the level of the 
protein-bound dyes in the liver and the probability that the liver will later 
develop a tumor (1) and the data given in the present and other papers (6, 7). 
Thus we suggest that the primar^^ cardnogen consists of dther or both of the 
protein-bound dyes, 4-monomethylammoazobenzene and an unidentified polar 
aminoazo dye, and that the formation of bound dye constitutes one of the 
first steps in the carcinogenic process induced by the parent dye (1). 

Many of the compounds listed in Tables I to HI were also tested with the 
view of increasing the information available on the structural features neces- 
sary for strong carcinogenic activity of aminoazo dyes and related compounds. 
Approximately 40 aminoazo dyes and amines were tested and only a few of 
the compounds, all azo d}'es, were carcinogenic imder our conditions. Altera- 
tions in the azo Imkage, in the substituents of the amino group, and in the ring 
substituents ha\-e been tested. In our previous work the replacement of 
the azo linkage in 4-dimethylaminoazobenzene by the easilj- hjairolyzed 
^ CH=N Imkages produced inacti%’e compoimds (7); in 

the present c-xperiments the substitution of the amide linkage, — CO — NH — , 
as in the benzaraide of dimethyl-^phenylenedianune, also led to an inacti\-e 
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compound. However, tlie substitution of an ethylene linkage for the azo 
group as in 4-dimetlaylaminostilbenc produced a compound with a greatly 
lowered carcinogenic activity for the rat liver (10). When tlie meth 5 d groups 
in tlie parent dye were replaced by 2 H — , H — and CHjCHs — , or 2 CH 3 CH 2 — 
groups, compounds of zero activity resulted. However, if the amino group 
carried H — and CH 3 — or CITa — • and CH 3 CH 2 — ■ the activities of these dyes 
were equal tothatof4-dimethylaminoazobenzcne. Incontrast thedyeswith the 
amino group substituents CH 3 — - and HOCHjCHj— , CH 3 — and phenyl— CHr- 
or H — and CHO — were inactive. Substituents in the rings also produced 
great variations in activity. Calculations of the relative activities of the 
ring-monomethyl derivatives of 4-dimethylaminoazobenzene tested in our 
previous work (7) give values of 4' — CH 3 — = <1, 3— CH 3 — = 10—12, 
2' — CHs — = 2 — ^3, and 2 — CH 3 — = 0 — <1. The calculated value for the 
difficultly obtainable 3 -CH 3 — derivative was zero. An attempt was made 
to evaluate the relative importance of the position of a group in contrast to 
its t)rpe. For this purpose the effects of substituting HO — , Cl — , andNOo — 
groups in the 4', 3', and 2' positions were determined. Since all of the mono- 
hydroxy derivatives were inactive in the time interval studied the relative 
effect of this group in various positions remains unknown. However, a com- 
parison of the carcinogenic activities of tlie corresponding methyl, chloro, and 
nitro derivatives yields some light on the problem of the position versus the 
type of substituent. In each series the 3' derivative was the most active al- 
though the 3'-CH3 — ■ derivative was about twice as active as the corresponding 
chloro and nitro compounds. Apparently, however, the 3'-nitro-4-dimethyl- 
aminoazobenzene which is absorbed is more active than 4-dimethyIaminoazo- 
benzene or its 3'-chloro derivative, since the observed carcinogenic activity of 
5 is increased to 8-9 when a correction is included for the 40 per cent of the in- 
gested dye which is excreted in the feces. Also in each case the 2' derivative 
was the next most active compound; while each of these derivatives was of 
about equal activity, tlieir relative activities were about a third of that as- 
signed to the parent dye. Similarly the 4' derivatives were the least active in 
each series although here the 4'-Cl compound was definitely more active than 
the 4'-CH3 derivative. Here again, the difference in activity may be due par- 
tially to the excretion of 15 per cent of the administered 4'-methyl-4-dimethyl- 
aminoazobenzene in tlie feces. Unfortunately the 4'-N02 derivative was not 
tested because of its poor absorption from the tract. Hence from the limited 
data obtained so far it appears that the activities of monosubstituted deriva- 
tives of 4-dimethylaminoazobenzene on the prime numbered ring are likely to 
bear the relationship 3' > 2' > 4' to one anotlier; i.e., the position of a group 
may be more important than its type. Three of the 6 possible dimethyl deriva- 
tives of 4-dimethylaminoazobenzene on the prime__numbered ring were tested 
also. None were active. It is of interest that 2 methyl groups in tlie equiv- 
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alent 3', 5' positions produced an inactive compound althougk the presence 
of 1 methyl group in this position greatly enhances the aeti%aty of the parent 
dye. The 3'-etho^ derivative -was chosen as an example of a compound with 
a type of group in this high activity position which, assuming free rotation, 
would project out from the plane^of the benzene ring a large share of the time; 
this specific alteration greatly lowered the activity of the molecule. Recently 
Sugiura (28) noted that the activities of the 2 '-CH 3 — and S'-CHs— derivatives 
of 4-monomethylaminoazobenzene corresponded closely with the activities of 
the same derivatives of 4-dimethylaminoazobenzene already reported (7). 
The activities of the S'-CHa— and S-CHa derivatives of these two dyes (Table 
TTT) provide confirmation and extension of the general finding that N, N- 
dhnethyl- and the corresponding iY-monomethylaminoazo dyes are of equal 
activity. 

The fact that the character of the diet may alter greatly the carcinogenic 
activity of an aminoazo dye is a well known and much explored problem (17). 
Much of the earlier work by the Japanese (8, 20) on the comparative activity 
of azo dyes was performed with a diet consisting largely of rice; our objections 
to the use of this diet have been voiced previously (7, 17). The rice diet has 
also b'isn used in this country for structure studies (9, 28) although with better 
survival of the rats than the Japanese experienced. However, the report by 
Kensler el al. (19) that the rice diet causes a rapid demethylation of 4-dimethyl- 
aminoazobenzene in vUro provides still another strong reason for discarding 
the use of this diet in many azo dye experiments. No destruction (29) or 
demethylation (30) of azo dye has been found to occur in any of oiu: diets. In 
this connection it should be noted that Sugiura (28) recently found that 4-ethyl- 
methylaminoazobenzene possessed an activity of 1+ on his scale of activity- 
while 4-dimethylaminoazobenzene was assigned a rating of 2+. However, 
under our conditions these two compounds possessed equal activity. It is 
possible that the discrepancy might be e.xplained on the basis of a dealkylation 
of the ethyhnethyl dye in the rice diet since this compoxmd might be partly 
demethylated to the inactive dye, 4-monoethylaminoazobenzene, prior to feed- 
ing. Deethylation in the diet, which would produce the active 4-monomethyl- 
aminoazobenzene, is unlikely since a lower acti-vity was found and ako because 
4-diethylaminoazobenzene is stable in the rice diet (19). 

WTiile an attempt has been made in this work to measure the carcinogenic 
activity of several aminoazo dyes relative to that of 4-dimethylaminoazoben- 
zene, it must be emphasized that only rough figures for these relative activities 
under one set of conditions have been obtained. It is probable that the same 
comparisons made under other conditions would yield different -^mlues. For 
example, it is established that 3'-methyl-4-dimethylaminoazobenzene is less 
affected by' dietary alterations than is 4-dimethylaminoazobenzene (11); 
hence, for example, a comparison of activity of these two dyes using a diet 
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high in riboflavin would almost certainly lead to a higher relative activity for 
tlie 3'-metliyl derivative than was found with diets low in riboflavin. The 
exceptional case of the effect of a diet on a carcinogen in vitro and the uncer- 
tainty introduced by a poorly absorbed test compound have been considered 
above. Differences in the strain and species of the test animals are still other 
factors that might alter the relative activities of carcinogens. The reversal of 
the relative activities of 4-dinieth)daminoazobenzcne and 2', 3-dimethyl-4- 
aminoazobenzene (“o-aminoazotolucne”) in the rat and mouse (23) is a case 
in point. However, greater difficulties are met in considering whether a given 
relative actiidty is really true. For c.xample, we have pointed out (7) that if 
carcinogens undergo metabolic reactions unrelated to the carcinogenic process, 
tlie number of tumors obtained in a given e.\periment is not necessaril}’^ a true 
index of the carcinogenicity of the molecule tested. Actmty tests of com- 
pounds structurally related to carcinogens are important first steps and often 
yield new carcinogens and other useful starting points for further researdi. 
But any attempt to deduce the nature of a carcinogenic process solely from 
tlie activities of a series of structurally related compounds is of questionable 
validity. Accordingly, we are also investigating the mechanism of carcino- 
genesis by 4-dimethylaminoazobenzene through studies on the chemical and 
physical interactions of the dye with the constituents of the liver (1). 

SUMMARY 

1. Eighteen known or possible metabolites of the hepatic cardnogen 4- (or 
/>-) dimetliylaminoazobenzene were tested for carcinogenic activity in the rat. 
Of these compounds only 4-monomethylaminoazobenzene, a known metabolite, 
proved to be active. Eight compounds, which appear to be metabolites of the 
dye, were inactive; these included 4-aminoazobenzene, 4'-hydrox3’’-4-mono- 
methylaminoazobenzene, 4'-hydroxy-4-aminoazobenzene, A^-methyl-^-phenyl- 
enediamine, /i-phenylenediamine, aniline, /’-aminophenol, and o-aminophenol. 
Nine compounds which may possibly be metabolites also were inactive; these 
compounds were 4'-liydroxy-, 3'-hydroxy-, and 2 '-hydro.xy- 4 -dimetliylamino- 
azobenzene, 4-formylaminoazobenzene, 4-hydrox3mzobenzene, 2, 4'-diamino- 
S-dimethylaminodiphenyl, 3-dimeth3daminocarbazole, A', iV-dimethyI-/’-phenyl- 
enediamine, and ^-h 3 '^droquinone. A mixture of 9 known and possible meta- 
bolites was also found to be inactive. These data indicate that tlie primaiy 
carcinogen operative in tumor formation by 4-dimetbylaminoazobenzene is 
probably an azo dye closely related to the parent carcinogen. This conclusion 
is supported by recent work from tliis laboratory which indicates tliat tlie 
pr ima ry carcuiogen consists of either or botli of the protein-bound d 3 'es found 
in tlie liver, i.e. 4-monomethylammoazobenzene and an unidentified polar 
aminoazo dye, and that the formation of bound dye constitutes one of the 
first steps in this carcinogenic process. 
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2. The carcinogenic activities of 19 other compounds related to 4-dimethyl- 
aminoazobenzene ivere tested to obtain more mformation on the structural 
features needed for a 4'aniinoazo dye to possess strong activity in the rat. 3 - 
Methyl-4-monome'thyIaminoazobenzene and the corresponding dimethylamino 
derivative were nearly twice as active and 4-ethylmethylaminoazobenzene had 
the same activity as 4-dtmethylaminoazobenzene. As tested 3^-nitro- and 
3'-chloro-4-dimethylaminoazobenzene both had about the same acthdt^'- as 4- 
dimethylaminoazobenzene; however, since the 3^-nitro derivative was incom- 
pletely absorbed its real activity appears to be about I5 times that of 4-dimeth- 
ykminoazobenzene. 2'-Nitro- and 2'-chloro-4-dimethylaminoazobenzene were 
about one-half to one-third as active and 4'-chloro-4-dimethylaminoazobenzene 
was approximately one-fourth as active as the parent dye. 3^-Ethoxy-4- 
dimethylaminoazobenzene and 3-methyl-4-monomethylaminoazobenzene ex- 
hibited only slight carcinogenic activity. The following compounds proved 
inactive: the benzamide of A’^,iV-dimethyl-/>-phenylenediamine; the diethyl, 
monoethyl, benzylmethyl, /3-hydroxyethyhnethyl, and formyl derivatives of 
4-aminoazobenzene on the amino group; and the 3-methyl, 3', 5'-dimethyl, 
2' ,5'-dimethyl, and 2' ,4'-dimethyl derivatives of 4-dimethylaminoazobenzene. 
From the available data two conditions appear to be essential if a dye is to 
possess high activity: (1) at least one methyl group must be attached to the 
amino group together with the proper second substituent, and (2) the rings 
must bear either no substituents or carry only certain substituents, preferably 
in the 3' position. 

3. The data on the carcinogenicity of the 2'-, 3'-, or 4'-methyl, chloro, and 
nitro derivatives of 4-dimethylaminoazobenzene show that the position of 
these groups determines the carcinogenicity of these compounds to a greater 
extent than does the tj-pe of group. The activity relationship was 3' > 2' > 4'. 

4. Primary, secondarj^ and tertiary aminoazo dyes were determined in the 
livers and blood of rats fed aminoazo dyes which differed in the substituents on 
the amino group. The data show that deeth3’-lation of 4-diethyl-, 4-monoethyl-, 
and 4-ethylmeth)daminoazobenzene occurs in vivo just as 4-dimeth}d- and 4- 
monomethylaminoazobertzene are demethylated in vivo. However, 4-benzyl- 
methj’laminoazobenzene and 4-/3-hydrox}'eth3'lmeth\’laminoazobenzene were 
dealkylated only slightly under similar conditions. 

5. The following new compounds are described: 4-ethylmethyl-, 4-mono- 
elhj'l-, 4-benzj'lmethjd-, and 4-^-hydrox}'eth\'lmeth3daminoazobenzene; 4'- 
hj'droxy-, S-methjd-, and 3^-methj'l-4-monomethj'laminoazobenzene; 2^-hy- 
droxj*-, 3'-hydroxj', 3-methyl-, 3'-etho.xy-, 3',5'-dimethyl-, 2',5'-dimethjd-, 
and 2 ,4'-dimethj’l-4-dimethj’laminoazobenzene. 
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THE INFLUENCE OF AVAILABLE FLUID ON THE PRODUCTION 
OF EXPERIMENTAL HEMOGLOBINnjRIC NEPHROSIS 
IN RABBITS 

Bv JOSEPH J. LAUGH, M.D. 

{From the Department of Pathology, University of Wisconsin Medical School, Madison) 
(Received for publication, October 15, 1947) 

It has been reported in a pre%dous paper that hemoglobinuric nephrosis can 
be consistently produced rvhen rabbits are deprived of water prior to repeated 
intravenous injections of hemoglobin (1). Since dehj^dration favors the pre- 
cipitation of pigment casts in the kidney tubules of rabbits given hemoglobin, 
studies of fluid changes in which sodium thioc 3 anate dissolves before and after 
dehydration seemed desirable. Such studies might indicate whether there is 
a relationship between changes in available fluid and the occurrence of hemo- 
globinuiic nephrosis. 

Method 

Animals . — Male and female rabbits from pedigreed New Zealand White stock weighing 
2500 to 4200 gm. were used. 

Preparation of Hemoglobin . — ^The original method of preparation of hemoglobin was modi- 
fied by the addition of ether equi\’alent to 1 per cent of the total volume of water and centri- 
fuged erythrocytes. This was done to delay alteration of the hemoglobin when solutions had 
to be kept as long as 1 week at 4~6°C. Following the last injection, the absorption properties 
of the hemoglobin were determined at different wave lengths in a Coleman spectrophotometer 
to determine whether alterations had occurred. 

Stale cf Hydration and Method of Injution. — ^V^ater and rabbit pellets* were withheld for 3 
days. During the following 3 days each animal recrived 9 or 10 intravenous injections of 
hemoglobin winch totaled 1.8 gm./kg. During the injection period the animals were not 
given any food. The morning following the last injection and for 6 days thereafter the rabbits 
were given 30 ml./kg. of drinking water and food as desired. After the 7th day water con- 
sumption was not restricted. From the 3rd to the 6th day the control group of rabbits re- 
ceived water to drink equiNnlent to the volume given intravenously to the test group. 

Blood Studies . — ^The method of Crandall and Anderson (2) for the determination of avaQ- 
able fluid was modified to make the Fe(SCN)j determinations in a Coleman spectrophoto- 
meter at 460 m/i. The flmd measured by sodium thioc>’anate will hereafter be referred to as 
a\-ailable fluid as recommended by Gregersen and Stewart (3). 

The non-protein nitrogen (NFM) determinations were done before dehydration and on the 
Sth daj’ after the initiation of the experiment. 

Urine Studies. In 7 lest rabbits the daily output of urine, specific gravity, urinary' pH, and 
the reaction of urine to heat and S per cent acetic add were recorded. 

Gross Ohserrations and Histciogic Studies . — ^Tbe animals which died were autopsied and 
studied as previously described (1). The rabbits which survived were subjected to surgical 

' Master mix rabbit pellets (McMillen Feed hlills. Division of Central Sova Company, 
Inc., Fort Wayne). 
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removal of tl»c left kidney 1 1 to 16 days after the initial injection of hemoglobin. The kidney 
which was removed adequately demonstrated tlie degree of pigment cast accumulation since 
the lesions are uniformly bilateral. These animals, which had been operated upon, will be 
studied subsequently to determine the end results of hemoglobinuric nephrosis. 

TABLE I 


The Eject of Reduction in Arailohle Fluid on the Development of TJemoJobinuric Nephrosis 




'Normal 

After dcliydralion 

Added observations in control 
and test groups 

Rabbit 

No. 

Sex 

Wcifdit 

Available 

fluid 

volume 

Per 
cent of 
bodv 
weiplit 

Per cent 
of body 
weight 

Weight 

loss 

Total 

hemo- 

globin 

injected 

Highest 

NPN 

re- 

corded 

Gros.s* 

Com- 

bined 

kidney 

weight 

Pig- 

ment 

casts 

ob- 

sers-edf 




ml. 



sm. 

gm./Ijr. 

cent 


set. 


1 

M 

4225 

1370 

32.3 

22.6 

563 

0 

47 

7 

20.0 



2 

M 

3442 

1180 

35.4 

30.3 

429 

0 

45 

7 

15.0 

— 

3 

M 

3361 

1243 

36.9 

30.6 

239 

0 

47 

7 

18.0 

— 

4 

F 

3616 

1057 

29.2 

28.8 

467 

0 

SO 

6 

20.5 

— 

5 

hi 

3958 

1233 

31.1 

24.1 

412 

0 

49 

7 

17.0 

— 

6 

hi 

2584 

875 

32.9 

1 21.2 

254 

l.S 

1 300+ 

"§ 

30.5 

3+ 

7 

M 

3441 

1370 

38.9 

1 25.2 

378 

l.S 

: 300 

8§ 

38. 6 

3+ 

8 

hi 

2934 

882 

30.1 

22.0 

262 

1.8 

51 

17 

17.0 

24* 

9 

M 

3457 

1310 

39.2 

25.3 

331 

l.S 

300+ 

7§ 

i 28.8 

3+ 

10 

hi 

3122 

968 

31.0 

27.2 

294 

l.S 

S2 

14 

20.2 

3+ 

11 

hi 

4059 

1290 

31.7 

26.4 

353 

l.S 

72 

19 

22.4 

2 + 

12 

hi 

3225 

1103 

35.0 

29.2 

260 

l.S 

67 

16 

20.2 

2+ 

13 

F 

3017 

910 

30.2 

28.1 

382 

l.S 

53 

19 


2+ 

14 

F 

3297 

10t)5 

31.8 

26.8 

431 

l.S 

49 

14 

16.4 

1 + 

15 

F 

4025 

1110 

27.6 

23.6 

264 

l.S 

124 

16 

19.8 

2+ 

16 

F 

3772 

867 

23.5 

21.1 

339 

l.S 

300+ 

s§ 

31.2 

3+ 

17 

F 

3527 

1212 

34.4 

31.4 

327 

l.S 

56 

16 

17.6 

2+ 

IS 

F 

4097 

982 

24.0 

23.9 

357 

l.S 

265 

6§ 

37.0 

3+ 


F 

3870 

955 

24.7 

23.6 

371 

l.S 

260 

19 

23.6 

3 + 


F 

3148 

784 

24.8 

24.4 

244 

l.S 

4S 

19 

14. S 

1 + 


* Includes 3 days of water deprivation. 

f 1+ = less than one cast; 2+ = 1 to 5 casts; 3+ = 5 to 15 casts; average of 10 low power 
fields. 

§ Rabbit died in uremia. 

Rcsulls of Water Deprivation and Intravenous Injections of l.S Gni./Kilo 

of Hemoglobin 

The significant data obtained on 5 control and 15 test rabbits are tabulated 
in Table I. Examination of column 4 reveals that there is a wide variation of 
available fluid in different animals. The 9 female rabbits exhibited still greater 
variability; 5 of these (Nos. 15, 16, and 18 to 20) had persistently low per cent 
fluid volumes in repeated tests. Such low available fluid volumes were not 
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observed in male rabbits. Gregersen and Stewart (3) in similar studies found 
mongrel female dogs usually bad more available fluid and e.vhibited wider 
individual fluctuations than the males. They pomted out that since humiditj^ 
water intake, age, diet, and breed had not been controlled, the cause for the 
variation in available fluid remained unknown. In our study, all of the rabbits 
were of the same stock and appro.timatel}' the same age; they were kept under 
direct observation in separate cages during the experiment, at which time they 
had adequate quantities of water and ate the same food. In spite of these 
controlled conditions, female rabbits normally e.xhibited wider individual fluc- 
tuations in their available fluid, and some of these had less fluid than the males. 

Study of columns 5 and 6, in which the available fluid volume is expressed 
as percentage of body weight before and following dehydration, reveals that 
the rabbits respond differently to water deprivation. Eleven rabbits (Nos. 
2 to 5, 10 to 15, and 17) with optimal initial values suffered minimal to moderate 
depletion of available fluid. Eight of these received hemoglobin and did not 
develop a fatal hemoglobinuric nephrosis. Five rabbits (Nos. 1 and 6 to 9) 
with optimal quantities of fluid initially sustained an e.xcessive depletion (in 
excess of 8 per cent). Three of these 4 which received hemoglobin died from 
hemoglobinuric nephrosis. Four female rabbits (Nos. 16 and 18 to 20) mth 
low available fluid volumes initially had a minimal to no depletion during de- 
hydration. In this group 2 died of hemoglobinuric nephrosis, one developed 
an NPN of 260 mg. per cent and recovered, whereas the last rabbit was appar- 
ently unaffected. Two (Nos. 8 and 20) of 8 rabbits, therefore, with low avail- 
able fluid volumes following dehydration did not develop fatal hemoglobinuric 
nephrosis or a significant elevation of NPN. 

There is a good relationship between the combined kidney weight and the 
animals which died in uremia. The combined weight of the kidnejTs of rabbits 
dying of hemoglobinuric nephrosis is in excess of 28 gm. The kidneys from 
neither the control nor the test rabbits with transient hemoglobinuric nephrosis 
ever equaled this weight (column 11). Column 12 indicates that pigment 
casts were demonstrable in all of the test animals 3 to 16 days after the injection 
of hemoglobin. In this group 5 of 15 rabbits died of fatal hemoglobinuric 
nephrosis (colunm 10). Of the 10 rabbits which survived, aU were able to 
withstand a nephrectomy 11 to 16 days following injections of hemoglobin 
without any apparent deleterious effect. 

The postmortem findings generally agreed with those previously reported (1). An addi- 
tional finding of considerable interest was minimal to extensive central necrosis of the liver, 
observed in 3 of 5 rabbits d.ving in uremia. Xone of the control rabbits had necrosb of the 
liver. Only 1 rabbit (Xo. 9) had increased amounts of pigment in the liver. There was 
vacuolar degeneration of liver cells in 5 rabbits which died in uremia and in 2 conUol rabbiu. 
Pulmonarv- edema was seen in only 3 rabbits, and these died in uremia. Focal necrosis of 
tubular epithelium was present in 5 rabbits which died in uremia, in I which survived, and in 
none ol the control group. Swollen epithelbl cells with a coarsely granular cjtoplasm were 
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present in 5 rabbits which died and in 3 which survived. Dilatation of proximal convoluted 
tubules was present in 3 and absent in 2 rabbits which died. Dilatation was also evident in 
6 of the animals whidi survived, and to a minimal degree in 1 of the control rabbits. 

Urinary Changes Observed . — Urine studies were made on 7 of 15 test rabbits 
and are tabulated in Table II. When the rabbits were allowed water and rab- 
bit pellets at desire, the reaction of the urine was always alkaline. During the 
dehydration period the urine output decreased. The specific gravity and pH 
changes were variable. Only 2 of 7 rabbits developed an acid urine. No 
protein was found under normal conditions or during dehydration. Following 
the injections of hemoglobin, 2 rabbits developed anuria, 5 rabbits continued to 

TABLE n 


Urine Changes Observed FaUmvtiig Food and Water Deprivation and Intravenous Injections 

of Hemoglobin 


Rabbit 

No. 

Sex 

Control for 3 d.oys 

Water deprivation 
for 3 days 

Hemoglobin injected 
for 3 days 

Total 

urine 

output 

Lowest 

specific 

gravity 

Lowest 

pH 

Total 

urine 

output 

Lowest 

specific 

gravity 

Lowest 

pH 

Total 

urine 

output 

Lowest 

specific 

gravity 

Lowest 

pH 

Pfotem- 

urta 



ml. 



ml. 



mt. 





M 

250 

1.040 

8.2 

181 

1.025 

6.9 

0 

0 

0 

0 


M 

456 

1.030 

8.2 

135 

1.057 

8.1 

0 

0 

0 

0 


M 

261 

1.030 

8.2 

130 

1.047 

6.6 

111 

1.037 

5.6 

-f 


M 

371 

1.035 

7.8 

94 


7.8 

ISO 

1.026 

6.0 

-b 


M 




234 

1.034 

7.9 

198 

1.024 

5.7 

+ 


F 

305 

1.03S 

8.2 

95 

1.042 

8.2 

249 


5.9 

-f* 


F 




291 


7.7 

306 


5.7 

+ 


Rabbit numbers correspond to those given in Table I. 


urinate. One of these 5 rabbits died in uremia (No. 16). Comparison of the 
urinary output columns during dehydration and after injections of hemoglobin 
shows that in 3 animals more urine was e.xcreted following hemoglobin injec- 
tion. The specific gravity after hemoglobin is usually lower than in the pre- 
vious periods. In 2 rabbits (Nos. 15 and 16) the specific gravity dropped to 
1.013 and 1.012. One of these rabbits survived whereas the other died in 
uremia. During the period of hemoglobin injection all of the rabbits which 
urinated had an acid urine and a proteinuria 

DISCUSSION 

There is close agreement of the postmortem findings in this experiment with 
those previously obseirved (1). Additional findings, not previously described, 
are central necrosis and vacuolar degeneration of the liver as well as puhnonary 
edema. The conditions of the first experiment are not comparable to this 
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Study, since both the dosage of hemoglobin given and the period of water 
deprivation ^^aried in different rabbits. The arbitrary conditions in this ex- 
periment are more severe and were identical for each rabbit. The shorter 
survival periods in those animals which died, the finding of central necrosis 
of the liver, and puhnonarj’’ edema are probably due to the modifications which 
were introduced. 

Tubular dilatation was observed in 3 rabbits in the previous report and in 
3 rabbits in this experiment which died in uremia. The presence of tubular 
dilatation probably indicates a mechanical obstruction and also, that filtration 
of fluid into the renal tubules persists for a period thereafter. Uremia which 
develops in such animals might be wholly attributed to the blockage of the 
tubules. However, the observation in 2 of 5 rabbits, in the present study, 
in which death occurred without tubular dilatation, suggests that other mecha- 
, nisms besides mechanical blockage of renal tubules are probably functioning 
in hemoglobinuric nephrosis. Apparently, therefore, the widespread degener- 
ation of tubular epithelium and the foci of tubular- necrosis play a greater 
role in the production of uremia than was originally suspected. 

Bywaters and Stead (4) and Flink (5) have stressed the importance of the 
quantity of hemoglobin mjected in the production of hemoglobmuric nephrosis. 
In the present study a constant quantity of hemoglobin (1.8 gm./kg.) was 
purposely used. The results which were obtained in 15 test rabbits adequately 
demonstrate that in addition to the quantity of hemoglobin given, which 
unquestionably exerts a direct influence on the production of this syndrome, 
other factors of equal importance are fimctioning simultaneousl}^ One 
factor of importance during hemoglobinemia is the presence of adequate re- 
serx'es of available fluid in the organism. Flink (5) has demonstrated that 
intravenous injections of hemoglobin into dogs not deprived of water alwaj^ 
produced a hemodilution. MTiether the hemodilution resulted from the hemo- 
globin or other compounds formed during the hemolysis of erjilirocytes is 
not known. Nevertheless, this is probably one of the means by which the 
organism hastens the elimination of hemoglobin. In the urine studies intra- 
venous hemoglobin solutions were observed to exert a diuretic effect in 3 of 7 
rabbits. However, when the axailable fluid compartment is first depleted 
sufficiently by water depri\ation, the elimination of hemoglobin is either de- 
layed or completely inhibited. Under such circumstances, then, the hemo- 
globin enters the kidney tubules, pigment casts are formed, degeneration and 
focal necrosis of tubular epithelium appear, and uremia follows. 

Keith (6) and Elkinton and Taffel (7) demonstrated that water deprix’ation 
exerts pronounced phj-siologic alterations. Yorke and Nauss (S) originally 
pointed out that feeding drj’ oats to rabbits first increased the severitj' of 
hemoglobinuric nephrosis after intravenous injections of hemoglobm. By- 
waters and Stead (4) by combining dehydration with acid diets and compres- 
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sion of leg muscles in rabbits, prior to injections of human myohemoglobin, 
were able to produce mj^ohemoglobinuric nephrosis in their animals. Rigdon 
and Cardwell (9) found water deprivation in rabbits enhanced their suscepti- 
bility to sucrose nephrosis. In the present study it was possible to demon- 
strate a close relationship between the depletion of available fluid and the 
occurrence of hemoglobinuric nephrosis in 13 of 15 rabbits. Two rabbits with 
available fluid volumes in the critical range after water deprivation survived. 
The findings in these animals suggest that other factors besides available fluid 
volume are important in the elimination of hemoglobin by the organism. The 
mechanism by which the depletion of the available fluid exerts its influence on 
the production of this syndrome remains to be determined. 

SUMMARY 

The importance of previous dehydration on the production of hcmoglobi- 
nuric nephrosis is substantiated. Hemoglobinuric nephrosis regularly occurred 
in rabbits 3 to 16 days following the injections of hemoglobin. Fiv^e of 15 
animals died of fatal hemoglobinuric nephrosis; the combined kidney weight 
in these exceeded the weight of the kidneys of control rabbits and of those 
which survived. Additional observations, not previously made, are focal 
necrosis of the liver and pulmonar}'- edema in some of Uie rabbits which died. 
A relationship was evident between the quantity of available fluid and the 
severity of the hemoglobinuric nephrosis which developed after injections of 
hemoglobin. 
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During the past five years studies on proteinuria induced in rats by the 
intraperitoneal injection of various proteins have been carried on in the labora- 
tory of the Renal Clinic at Stanford Hospital. The integrating ideas behind 
the design of the studies were that the undamaged glomerulus of the rat is 
normally permeable to small amounts of protein; that in the course of the 
formation of the large daily glomerular filtration volume a relatively large 
amount of protein is filtered through; that some reabsorption of the protein 
takes place along the course of the renal tubule; that the renal epithelium can 
reabsorb a certain maximum amotmt; and that, therefore, proteinuria v.’ill 
result if the renal epithelium is overloaded with protein. These studies were 
carried on without systematic histological investigation of the available ma- 
terial. It is the purpose of the present paper to report some of the preliminary 
findings, the primary concern here being to trace the fate of the injected hemo- 
globin with the aid of histological and histochemical techniques. 

The notion of glomerular filtration and tubular reabsoiption of large molecules, 
including proteins, is not new. Athrocytosis has been described by Gerard (1) as a 
“characteristic property of the vertebrate nephron” arising after the absorption of 
electro-negative colloids through the apical surfaces of renal epithelium, followed by 
intracellular “flocculation” of the absorbed material. The term athrocytosis, accord- 
ing to Lison (2), was first used by Burian, later by von ^loUendorf, then resurrected, 
after a period of disuse, by Gfirard and Cordier (1); it is equivalent to the German term 
Spdeherung. Randerath (3), in a comprehensive survey of the histogenesis of the 
various forms of nephritis, has reviewed the work of recent German and Belgian 
authors. He concludes that in “nephrosis" altered permeability of the glomerular 
capillaries permits the passage of large amounts of protein which produces the char- 
acteristic histological alterations; i. c., thickening of the glomerular basement mem- 
brane and hyaline droplet formation in the renal epithelium, the latter being the vis- 
ible evidence of athroev-tosis or Spcichcrung. 

The human glomerular membrane is usually considered to be impermeable to pro- 
tein, for all practical purposes, by most authors in this country. Passage of protein, 
indicated by its appearance in the urine, is taken as evidence of damage to the glomer- 
ul.ir filter. However, Oliver (4) has recently reviewed certain considerations which 
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strongly favor the view that protein molecules arc continually passing into the glomer- 
ular space and being reabsorbed (athrocytosed) by the epithelium of the proximal 
convoluted tubules. These considerations arc; (1) mammalian glomerular fluid can- 
not be called protein-free by actual test, it can only be said to contain less than 25 
mg. per 100 cc. of filtrate; (2) if the concentration of protein in the glomerular filtrate 
were only one one-thousandth of its concentration in the plasma, i. c. about 7 mg. per 
100 cc., a proteinuria of 0.6 gm. per 100 cc. would result, in the absence of tubular 
reabsorption; (3) exertion, even moderate, is commonly followed by the appearance 
of protein in the urine; furthermore Oliver has presented histological evidence of the 
rcabsorption from the tubular urine of gelatin, gelatin polymer, horse serum albumin, 
and calcium gelatinatc by the cells of the proximal convoluted tubules in rats. There 
was no evidence that the glomerular membranes were damaged prior to, or by, the 
passage of these large molecules. 

If such filtration and rcabsorption docs occur in the mammalian kidney, under 
physiological circumstances, as seems likely, there must be some .mechanism in the 
renal epithelium for disposing of the protein. If even only a very small fraction of the 
plasma protein were filtered out in any one circuit of the blood, the formation of 
approximately 180 liters of glomerular filtrate a day, as in the human kidney, would 
yield a considerable quantity of protein which could not be stored indefinitely. In 
tliis paper hemoglobin is studied as an example of how such protein might be handled. 

Smetana (5, 6) has studied the kidneys of urodeles, mice, rats, guinea pigs, rabbits, 
and dogs, using various proteins linked with the disodium salt of 2-naphthol-3:6- 
disulfonic acid. This firmly linked protein-dye complex was prepared from crystalline 
egg albumin, dog serum albumin, casein, and peptone. It was given intravenously to 
the test animals. He was able to demonstrate brightly colored droplets of the com- 
plex in the renal epithelium of the proximal convoluted tubules in urodeles, rats, mice, 
and dogs, but was not able to find them in guinea pigs and rabbits. In the urodeles 
the droplets showed no signs of splitting or digestion and were present as late as 328 
days after injection. Smetana concluded that such reduction in number as did occur 
was due to desquamation of entire cells, or due to the disclrarge of particles from the 
tubular lining cells through tiny pores in the basement membrane, after which they 
were taken up by phagocytic stromal cells. In the other animals he found widespread 
storage of the protein-dye complex in the reticulo-endothelial cells of the viscera as 
well as in the renal epithelium, but again there was no evidence of digestion or disposal 
of the material. 

Smetana’s protein-dye complex behaves mucli like a foreign body and gives 
us little insight into the nature of a process by which the kidney may he able 
to deal with athrocytosed protein. Possibly his compound was denatured and 
in some way resistant to enzyme action. The protein-dye complex was toxic 
and it was possible to give only relatively small doses. Hemoglobin, on the 
other hand, can be injected intraperitoneaUy in large doses into rats without 
ill effect. Moreover, hemoglobin has a natural "marker” prosthetic group 
which gives it a distinctive color and staining reaction, making its identification 
in the tissues easy. As a further advantage its breakdo\vn can be studied by 
the histochemical demonstration of released iron. 
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Materials and Methods 

Rats, of approximatel)- 150 gm. body weight, from the colony maintained at Stanford hled- 
ical School by Dr. Addis, were taken off stock diets and limited to 10 per cent dextrose ad 
Vihltum during the course of the experiments. Purified human hemoglobin,' prepared by the 
method of Hamilton and Farr (7), was injected intraperitoneally twice daily, at 4 p. m. and 
7 a. m. A complete course of injections consisted of five doses of 16 cc. each. The hemo- 
globin solution injected* contained 6.2 gm. per 100 cc. and was made up freshly from a stock 
solution, standardized colorimetrically at frequent intervals, containing 9.6 gm. per 100 cc. 
Thus the rats, on the average, received S gm. of hemoglobin (33 gm. per kilo) if given the com- 
pletecourse. Asinglemjectionoflgm.amountedto6.7gm.perkilo. .4s shown in the tables 
the urine output per hour, exaetion of hemoglobin in the urine and serum hemoglobin were 
determined,* and the rats were killed, by exsanguination from the aorta under ether anes- 
thesia, at varying intervals after the first injection. In the first e.^eriment (Table D the 
kidneys were weighed and fixed in 10 per cent formalin together with liver slices. From 
paraffin blocks sections were cut at 8 micra and stained with hemato^’lin and eosin, azo- 
carmine, and Dunn’s (8) hemoglobin stain. Iron released by the intracellular breakdown of 
hemoglobin was identified histochemically by a Berlin blue technique. The modification of 
the method used here involved the immersion of the section, for as long as 25 minutes, in a 
freshly prepared solution made by mixing one part of 2 per cent potassium ferrocyanide with 
three parts of 1 per cent hydrochloric acid. The pigment thus identified is referred to as 
hemoriderin.^ In addition to the preparations mentioned, unstained formalin-fixed sections 
1 or 2 mm. thick were cleared by the Spalteholz techm'que (10) and were examined under the 
dissection microscope. In this way it is possible to observe the disposition of intraluminal 
"casts” in a manner impossible with routine sections. In the second experiment (Table II) 
spleen and femoral marrow in addition were fixed in 10 per cent formalin and studied. Note on 
the cytology of ral proximal comoUiied tabular epithelium; In the colony of rats used in these 
experiments the renal epithelium of the proximal tubules, as studied in formalin-fixed prepara- 
tions stained with hematoxylin and eosin, is devoid of particulate elements except for a very 
few hyaline droplets, seen only after careful study with the oil immersion lens. Very rarely 
an intracellular droplet of yellowish brown pigment, which may or may not give the Berlin 
blue reaction is found. All of the rats show a moderate degree of phagocytosis of hemosiderin 
in the spleen. These changes ace attributable to latent Bartonella infections, to which the 
rats will succumb if splenectomized. It has been observ'ed in control tissues of rats from other - 
colonies examined in this laborator)’ that, in association with advanced hemosiderosis of the 
spleen, large numbers of pigmented bodies may be found in the proximal convoluted tubular 
epithelium. Some of these give the Berlin blue reaction, others do not. They do not have 

' Furnished by Dr. R. B. Pennell of Sharp and Dohme, Inc. This work was aided in part 
by Gmnt R.G.85 from the U. S. Public Hc^th Service. 

’ Osraomctric determinations of molecular weight on samples of the solutions injected, 
carried out at the California Institute of Technology under the direction of Dr. Linus Paulmg] 
gave results between 62,000 and 68,000. 

* These determinations were carried out by Miss Jan Urcen of the Renal Clinic. 

‘ I.iMn (9) points out that the in xilro decomposiUon of hemoglobin into a globin and 
bcmaiin, thence into hcmatoporph)rin and iron does not occur in tiro. Here the normal 
I)roc«s of breakdown gives rise to an iron-conridning pigment, hemosiderin, and another iron- 
free pigment. Hemosiderin has been considered as an albuminate of iron, formed by the 
union of ferric or ferrous iron with a protein. Recently, however, isolated granules of the 
pigment leave Iwcn analyzed and found to consist of ferric hydroxide largely, with about 25 to 
■'(i per rent of protein and traces of calcium phosphate. 
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the staining reactions of hemoglobin. Such rats, however, would be unsuitable for studies of 
the type described in this paper. 


Experiment 1 (Table I) 

Iltstolcgscal and Ilisloclicmtcal Findings. — 2 hours after the first injection: in the hema- 
toxj’lin and cosin preparation there were visible a few rounded, discrete, reddish bodies, aver- 


TABLE I 


No. of rats 

Time after first 
injection 

AvcraRc urine 
volume 

AvetaRc uri- 

nary excretion 
of hcmORlobin 

No. of rats 
killed 


Combined kid- 
ney weight cor- 
rected to 150 gm. 
body weight 


hrs. 

cc./ht. 

ma.ftat/ZA hrs. 


frtf./ 100 cc. 

mi./rat 


Rats receiving one injection of 16 cc. ot 6.2 per cent hemoglobin 


9 

2 

1.02 

3S.8 

2 

735 


7 

4 

2.15 

453.3 

2 

950 


5 

8 

0.84 

462.0 

2 

1010 


3 

17 

1.53 

515.0 

3 

575 

mm 


Rats receiving five injections of 16 cc. of 6.2 per cent hemoglobin 


9 

15 

1.60 

533.0 





18 

1.68 

658.0 





21 

0.75 

665.0 





24 

1.00 

755.0 





39 

1.09 

859.0 





42 

1.70 

653.0 





45 

1.49 

1080.0 





48 

1.05 

980.0 





65 

0.87 

785.0 

3 

875 

2160 

6 

69 

0.39 

128.0 





72 

0.25 

66.8 





89 

0.17 

13.3 

1 died 



5 

113 

1.19 

0 

2 

0 

2413 

3 

139 

2.22 

0 





161 

2.92 

0 

1 

0 

1755 

2 

185 

2.62 

0 

1 

0 

1842 

1 

209 

1.75 

0 





233 

1.87 

0 





257 

2.09 

0 





329 

2.38 

0 

1 

0 

1205 


aging 1 to 2 micra in diameter, within the cells lining the proximal convoluted tubules. These 
bodies stained green with the hemoglobin stain, as did the erythrocytes. No iron was de- 
monstrable by the Berlin blue technique, nor was there visible pigment. There was no hemo- 
globin in the glomerular spaces or within the luraina of the nephrons. 4 hours: (Fig. 1.) The 
bodies had become more numerous and often lay in clear spaces about the nuclei. There was 
no intracellular iron demonstrable. S hours: The bodies were still more numerous and in a 
few of the cells there were very small amounts of iron. Some intraluminal hemoglobin was 
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present. To judge from the appearance of the thick sections cleared by the Spalteholz tech- 
nique this was in the connecting tubules and the terminal portions of the distal convoluted 
tubules. 17 }umrs: (Figs. 2 and 3.) When esamined at a magnification of 22 diameters the 
renal cortex in the hematoxj-Un and eosin-stained sections appeared diffusely orange, and with 
the hemoglobin stain diffusely greenish. This was seen under higher power to be due to enor- 
mous numbers of the intracellular bodies previously described. A few of these were as large 
as 4 micra in diameter. The amount of demonstrable intracellular iron had increased slightly, 
though it was difficult to discern pigment in the hematoxj'lin and eosin preparations. The 
amount of intraluminal hemoglobin had increased greatly. Examination of the thick cleared 
sections (Fig. 5) revealed that some of the nephrons were beautifully delineated by their con- 
tent The distal segment, loop of Henle, and the descending limb of the proximal segment 
were clearly \TSuali 2 ed. The collecting tubules of the cortex and renal papUla were emptj'. 
No more than a few hundred of the total sixty thousand or so nephrons were delineated in this 
manner. In the liver the parenchymal cells were of normal appearance. There was no hemo- 
globin or demonstrable iron in either the parenchjTnal cells or the Kupffer cells. 65 hours: 
The most striking change was the patchy distribution of the intracellular hemoglobin and the 
appearance of large quantities of intracellular hemosiderin (Fig. 4) in the projdmal convoluted 
tubular epithelium. iMth the BerUn blue technique the outer cortex appeared a bright blue, 
as seen in slides examined without magnification. More hemosiderin than hemoglobin was 
present within the cells. In many of the glomerular spaces hemo^obin was present as a 
hyaline structureless coagulum with characteristic staining reactions. In the thick cleared 
sections it was apparent that a large number, possibly a majority, of the nephrons were filled 
in the manner prewously described. The renal papilla was cleared and, as before, the collect- 
ing ducts were found to be free of intraluminal hemoglobin. A few loops of Henle (Figs. 6 and 
8) dipped down almost to the tip of the papilla but were easily identifiable. In the Iktr there 
was no hemoglobin or demonstrable iron in the parenchymal or Kupffer cells. 113 hours: 
The amount of intracellular hemoglobin had decreased greatly but there was a large amount of 
intracellular hemosiderin present. In various places in the cortex and medulla the tubular 
w-alls had broken down, hemoglobin within the lumina had been extruded, and about this 
extruded material were clustered polj'morphonuclear leucocj'tes and a few giant cells. In the 
thick cleared sections it was apparent that most of the formerly filled nephrons had emptied, 
either completely or partially, leaving dilated, plugged, and tortuous segments (Fig. 7) behind. 
There was no hemoglobin or hemosiderin in the parenchjTnal or Kupffer cells of the liver. 
I6I hours: Almost all demonstrable intracellular hemoglobin had disappeared from the renal 
epithelium, though there was still a large amount of hemosiderin. This pigment was seen in 
two situations: as rather fine droplets, less than 1 micra in diameter, within the cells of prox- 
imal convoluted tubules lined b\’ columnar eosinophilic epithelium which appeared quite 
normal; and in coarser, more abundant intracellular masses within flattened basophilic epi- 
thelium which lined atrophic small tubules. Such atrophic tubules were imcommon. In the 
liver there was no significant alteration, IS5 lusurs: The trumber of filled segments seen in 
the cleared preparations had further decreased. There were many areas of cellular reaction 
to extruded hemoglobin in both cortex and medulla. Some of the atrophic tubules previously 
described were present. In the liver a few of the Kupffer cells contained small amounts of 
demonstrable iron. 329 hours: Almost all of the pro.xjmal convoluted tubules were lined by 
normal appearing cosincphilic epithelium containing fine droplets of hemosiderin, dearly vis- 
ible only with the oil immersion lens. There were a few clusters of atrophic tubules whose 
lining cells contained dense masses of hemosiderin. One flat depressed pigmented area seen 
on moss examination of the cortex proved to be a cluster of these tubules. In the thick cleared 
Wtions there were visible a few dibted, tortuous segments. There was no demonstrable 
intraceilul.rr hemoglobin. In the liver the amount of demonstrable iron in the Kupffer cells 
was pcrh.rps tlightlv increased. 
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Experiment Z (Table II) 

As the table shows this experiment was designed so that larger numbers of 
rats would be killed at certain key times. Through an error some of these 


TABLE II 


No. of rats 

Time after first 
injection 

Average urine volume 

No. of rats killed 

Combined kidney 
weight 


hrs. 

cc./hr. 


ffif./ral 

Rats receiving one injection of 16 cc. of 6.2 per cent hemoglobin 

6 

17 

1.03 


1052 

Rats receiving two injections of 16 cc. of 9.6 per cent hemoglobin 

3 

15 

2.00 




24 

0.95 

3 

10S2 

Rats receiving two injections of 6.2 per cent and one 9.6 per cent 

3 

IS 





24 





42 

1.30 

3 

1560 


Rats receiving five injections of 16 cc. of 6.2 per cent hemoglobin 


15 

1.88 


24 

0.96 


42 

1.08 


51 

1.15 


65 

0.92 

6 

68 

0.32 


74 

0.26 


95 

0.46 


116 

1.96 


164 

3.11 


237 

1.90 


333 

1.92 

3 

405 

1.90 


501 

2.13 

3 


animals received larger doses than had been planned. In tliis experiment 
spleen, liver, kidney, and femoral marrow were studied. The marrow was 
obtained by cutting both ends from the femur, inserting a large bore needle, 
attached to a syringe, into the medullary cavity, and blowing out the content. 
Little information was gained from the study of the spleens since a mild degree 
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oi hemosiderosis was common to most of’ the rats in this colony. The only 
conclusion that could be drawn was that hemoglobin did not appear in the 
splenic phagocj^es. In the following notes only such changes as conflict with, 
or add to, those described under Experiment 1 will be commented upon.^ 

J7 hours after the initial injedion: No hemoglobin was demonstrable in the spleen, femoral 
manow, or liver. There was no demonstrable iron in the femoral marrow. 24 hours: There 
were huge numbers of intracellular hemoglobin bodies in the cells of the proximal convoluted 
tubules, and a small amount of demonstrable iron. Within a few cells the hemoglobm was in 
the form of a smgle, comparatively huge, body as large as 5 micra across. There was no hemo- 
globin in the liver, spleen, and femoral marrow. 42 hours: These rats bad received excep- 
tionally large doses of hemoglobin. In both the thick cleared sections and in the routine 
sections it appeared as if a large majority of the nephrons had been filled in the manner pre- 
viously described. .A. great many of the glomerular spaces contained dense, structureless sheets 
of hemoglobm. There was a large amount of demonstrable iron in the renal epithelium, traces 
in the Kupfier cells, but none in the femoral marrow. There was no hemoglobin in the liver, 
spleen, or femoral marrow. 65 hours: Mitotic figures were prominent in the tubule cells of 
the boundary rone and some of the walls were disrupted. 333 hours: More damage to the 
kidney was seen in these three rats than in the one comparable rat of Experiment 1. Scattered 
throughout the cortex were clusters of tubules, apparently from single nephrons, lined by low 
cuboidal epithelium and containing dense intracellular masses of hemosiderin. There were 
areas of interstitial inflammatory reaction in both cortex and boundary zone, some character- 
ized by giant cells which had multiple nucld and contained masses of hemoglobm. There 
were a few dilated tubular segments fifled with unchanged hemoglobin and clustered about by 
polymorphonuclear leucocj’tes. The collecting tubules of the papilla appeared normal. Even 
in the cortex by far the great majority of the proximal convoluted tubules were of the usual 
size and staining reaction though there were fine particles of hemosdetin within most of the 
cells. 501 hours: There were a few atrophic tubules but most appeared normal and fine 
particles of intracellular hemosiderin were fewer. 

Expcrimenl 3 

Six rats were given a complete course of five injections of 16 cc. of 6.2 per 
cent hemoglobin and returned to stock diets. No urine or blood level stu(b'es 
were carried out on this group. Three were killed after 5 weeks. In the gross 
there were several depressed, brown, areas on both kidnej^ of two of the rats 
those of the third rat appearing normal in the gross. Microscopically the 
scars (Figs. 9 and 10) w'ere seen to be formed by atrophic tubules surrounded 
by a lymphocj'tic infiltrate. Elsewhere there were fine particles of intra- 
cellular hemosiderin in the proximal tubular epithelium which otherwise ap- 
peared normal (Fig. 11). Intraluminal contents of any sort were practically 
absent and detectable only in the thick cleared sections. The remaining three 
ra^ were killed after 9 weeks. Of these only one had grossly visible scarring. 
Microscopically there were rare atrophic pigmented tubules. The remainder 
of the tubules were as before. A few intertubular phagocytic cells contained 
hemosiderin. 



170 


RENAL ATHROCYTOSIS 


RESmiE AND DISCUSSION 

Within 2 hours (Table I) the serum hemoglobin rose to a level of 735 mg. per 
100 cc. The average urinary excretion of hemoglobin of nine rats was 3.23 rag. 
For comparison witli other data in the table this has been calculated on a 24 
hour basis, amounting to 38.8 mg. The comparatively low level of hemo- 
globin excretion during the first 2 hours is attributable to the time required for 
the absorption of hemoglobin from the peritoneal cavity into the blood stream. 
It is theoretically possible that a lag in the excretion of hemoglobin dependent 
on complete athrocytosis of the hemoglobin from the tubular urine might 
be demonstrated with appropriate doses, but such conclusions cannot be 
drawn from the figures here available. In the two rats killed at the end of the 
2 hour period, discrete bodies, with the staining characteristics of hemo- 
globin, were found in small numbers within the epithelium of the proximal 
convoluted tubules. The weight of hemoglobin athrocytosed is too small for 
estimation from the combined kidnej'^ weights. The number of intracellular 
hemoglobin particles increased rapidly, until, in the three rats killed 17 hours 
after tlie initial injection, the renal epithelium was packed with them (Figs. 
2 and 3). Here again it is useless to attempt a calculation of the weight of 
athrocytosed material since at this stage the intraluminal deposition of hemo- 
globin had become relatively prominent (Fig. 5). It can be said, liowever, 
that a significant formation of “casts” did not take place until the amount 
of athrocytosed material reached a maximum. The appearance of hemo- 
siderin and the histochemical identification of iron with the Berlin blue tech- 
nique was taken as evidence that intracellular splitting of hemoglobin had 
occurred. It would not be accurate to infer that there was a delay of 8 hours 
in this process. The breakup of the molecule probably occurred some time be- 
fore the release of inorganic iron. This histochemically demonstrable iron 
reached its maximum in about 65 hours; thereafter it slowl}’’ disappeared in 
the manner described above. Hemoglobin was not at any time demonstrable 
in the parench}Tnal cells of the liver, the Kupffer cells, nor in phagocytic cells 
of the spleen or femoral marrow. Only a very tiny, almost negligible, amount 
of histochemically identifiable iron appeared in those sites. 

Inlralmninal Acamulalion of Hemoglobin . — No attempt was made to alter 
or assess the pH of the urine during these e.xperiments. Previous experience 
with the colony has shown that the rats excrete a urine with a pH of about 6 
with great persistence, despite most dietary alterations. As mentioned above, 
the intraluminal deposition of hemoglobin was not prominent until the renal 
epithelium was packed with intracellular hemoglobin. At this stage, probably, 
the cells were unable to take in any more hemoglobin from the tubular urine. 
However this may be, the hemoglobin was obser\’^ed to accumulate first in the 
terminal portion of the distal tubules or in the connecting tubules. The collect- 
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ing tubules remained free of hemoglobin. occurred after this nught be 

interpreted as a retrograde filling of the nephrons (Figs. 5 and 8). It appears 
that some of the pro.^al convolutions must have filled in this way. The 
interpretation of the dense sheet-like masses of hemoglobin in the glomerular 
spaces is otherwise obscure. Such masses o^emoglobin in the glomerular 
spaces indicate a concentration there greater than in the circulating blood. An 
alteration in permeability of the glomerular membrane alone could hardly 
account for this, nor do the data in Table I suggest that such permeability 
existed. With serial sections it was possible to show that the dense masses of 
hemoglobin in the glomerular spaces were continuous wiA a similar content of 
the proximal convoluted tubules (Fig. 12), 

Slmclural Damage . — ^There was no evidence that the intracellular accumula- 
tion of hemoglobin damaged the renal epithelium. It was not until large 
amounts of hemoglobin were present within the lumina of the nephrons that 
changes indicative of injury became noticeable. These were the appearance 
of mitotic figures in the renal epithelium of the boundary zone, flattening of 
the epithelium of the tubules which contained intraluminal hemoglobin, rup- 
ture or dissolution of the tubular walls, extrusion of hemoglobin into the inter- 
■ stitial tissue, and inflammatory reaction, with or without giant cell formation. 
There were relatively few damaged nephrons at the termination of the experi- 
ments. These were of two types: one with a dilated lumen plugged with 
apparently unchanged hemoglobin, sometimes clustered about by leucocytes; 
the other an atrophic nephron whose proximal convolution was lined by small 
low cuboidal, rather basophilic, cells which contained dense masses of hemo- 
siderin. Azocarmine stains showed no alteration in the thickness of the glo- 
merular membranes, either during or after the passage of hemoglobin. 

Oliguria . — In both experiments oligiuia occurred near the 70th hour after 
the initial injection and about 20 hours after the final injection. The average 
urine output per hour dropped to about 15 per cent of its previous value. The 
tables mdicate that a diuresis of short duration succeeded the oliguria at 
about the 110th hour after the initial injection. From the appearance of the 
thick cleared sections studied at the 65 hour stage (Fig. 6) it seems that the 
oliguria is to be explained as a consequence of interference with flow through 
the nephron, and was not a consequence of plugging of the collecting ducts. 
The great increase in the weight of the kidneys at this stage mdicates the 
amount of intraluminal hemoglobin present. 

It is dear that the e.xperimental data contained in this paper neither confirm 
nor deny the hjpothesis outlined in the beginning, though they are compatible 
with it. E\-idence of renal athrocj-tosis of the mtraperitoneally injected pro- 
tein was found as early as 2 hours after the first injection. The total excretion 
of hemoglobin during the first 2 hours was relatively little, although at the dose 
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of this period tlie blood level had risen to 735 mg. per 100 cc. The hypothesis, 
as outlined, imphes an intracellular breakdown of tlie athrocytosed protein 
and its return to tlie blood stream in a simpler form. These experiments show 
that iron, capable of reacting to form ferric ferrocyanide, is detectable within 
8 hours after tlie initial injection. The fate of the globin portion of the hemo- 
globin molecule is not traceable with the techniques used here. 

Witli respect to the distribution of hemoglobin and, subsequently, of hemo- 
siderin, it is of considerable interest that neither substance was found at any 
time after the initial injections in the Kupffer cells of the liver, in tlie femoral 
marrow, or in the spleen. It might have been e.xpected that phagocytosis of 
hemoglobin and the formation of hemosiderin would have occurred at tliese 
three sites. The failure to find it is all tlie more puzzling when one considers 
tliat the concentration of hemoglobin in the plasma must have been greater 
than in the fluid in the proximal convoluted tubules. 

The subsidiary findings in these experiments relate to the questions of 
oliguria as a consequence of hemoglobinemia, and the occurrence of structural 
damage to tlie kidney after the passage of large amounts of hemoglobin. With 
respect to the first question, we have shown that a transient oliguria may be a 
coiisequence of hemoglobinemia in the rat when the plasma level is in the neigh- 
borhood of 1 gm. per 100 cc., a level which would be approached in a man after 
hemolysis of about 400 cc. of blood. The oliguria in the rat seems to be due, 
not to a “plugging” of tlie collecting tubules, but to a simple interference with 
flow through the lumen of the nephron, presumably a consequence of the in- 
creased viscosity of the protein-ricli fluid. With respect to the second question, 
we have shown that structural damage to the kidney does occur, but it is of 
moderate extent and severity, and the ultimate effect on tlie kidney is slight. 

strauiARY 

The athrocytosis of hemoglobin by the epithelium of tlie proximal con- 
voluted tubules in tlie kidney of the rat was studied after its intraperitoneal 
injection, absorption into the blood stream, and glomerular filtration. The 
earliest appearance of the athrocytosed particles, their accumulation, intra- 
cellular breakdown, and disappearance were followed. In addition observa- 
tions were made on the intraluminal disposition of hemoglobin “casts” witli the 
Spalteholz clearing teclinique; on the structural changes in the kidne}'^ in 
consequence of the injections; and on the development of a transient oliguria 
during the course of the experiment. The significance of the findings is con- 
sidered. 
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EXPLANATION OF PLATES 
Plate 3 

Fig. 1. Experiment 1, 4 hours after intrapcrltoncal injection of hemoglobin. For- 
malin fixation, hemoglobin stain. There arc a few intracellular particles of hemo- 
globin in the proximal convoluted tubular epithelium. X 357. 

Fig. 2. Experiment 1, 17 hours after injection. Formalin fixation, hemoglobin 
stain. Man)'^ larger intracellular particles of hemoglobin are present. X S92, 

Fig. 3. Experiment 1, same slide as in Fig. 2. Arrow points to nucleus of pro.ximal 
convoluted tubular epithelial cell. The dark particles are intracellular hemoglobin. 
X 1926. 

Fig. 4. Experiment 1, 65 hours after initial injection. Formalin fixation, Berlin 
blue reaction. Edge of glomerulus shows at top. All of tlic dark areas represent 
intracellular hemosiderin in the proximal convoluted tubular epithelium. X S92. 

Fig. 5. E.xperiment 2, 17 hours after initial injection. Formalin fixed, unstained 
section, 1 mm. tliick, cleared bj’’ the Spaltcholz metliod. The ascending and descend- 
ing limbs and some distal convolutions arc delineated by intraluminal hemoglobin but 
the collecting tubules are empty. X 45. 

Fig. 6. Experiment 2, 65 hours after initial injection. Formalin fixed, cleared, un- 
stained papilla. A few loops of Henle arc visible but tlic collecting tubules are empty. 
X 45. 





Plate 4 


Fig. 7. Experiment 1, 113 liours after initial injection. Formalin fixed, unstained, 
cleared section, 1 ml. thick. Tin’s area in the boundary zone contains some dilated, 
plugged, tortuous segments. X 46. 

Fig. 8. Experiment 2, 24 hours after initial injection. Formalin fixed, unstained, 
cleared section, 1 ml. tliick. Hcnle’s loops arc delineated by intraluminal hemo- 
globin. X 209. 

Fig. 9. Experiment 3, 6 weeks after complete course of hemoglobin injections. 
Formalin fixation, hemato.xylin and eosin stain. A zone of atrophy of tubules and 
pigment accumulation is shown. X 209. 

Fig. 10. Same as Fig. 9, Berlin blue reaction showing that the pigment is hemo- 
siderin. 
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PLATE 4 



(Eaihcr; Kcnal .ithrocyio^is) 



Plate 5 

Fig. 11. Expcrimcnl 3, 6 weeks after complete course of hemoglobin injections. 
Formalin fixation, hematoxylin and cosin stain. No evidence of damage. X 100, en- 
larged 21 diameters. 

Fig. 12. Experiment 2. 42 liours after initial injection. Formalin fi.valion, liema- 
to.\'ylin and eosin stain. Glomerular space and origin of proximal convoluted tubule 
are filled with hemoglobin. X 440. 
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by Dr. Rafael Lorente de No entitled 
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The subject matter consists of tlie report of experiments for 
which the Studies provides the place of original publication. The 
volumes appeared in September, 1947, and together contain about 
1C60 pages with 4S0 illustrations. 

In order that the volumes maj’’ be available to those who do not 
receive them as part of their subscriptions to the Studies, extra copies 
have been printed which are purchasable at the regular price of S2.00 
per volume. The two volumes wU only be sold together. Thej* can 
be obtained from the Publication Ser\-ice, The Rockefeller Institute 
for ^Medical Research, York .\venue and 66th Street, New York 21, 
N.Y., at a price of $4.00, payable in advance. 




EFFECT OF ENZYME INHIBITORS AND ACTWATORS ON THE 
MULTIPLICATION OF TYPHUS RICKETTSIAE 

TTT. Correlation of Effects of PABA and KCN with Oxygen 
Consumption in Embryonate Eggs* 

By DONALD GREIFF, Sc.D., and HENRY PINKERTON, M.D. 

{From tJio Departments of Biology and Pathology, St. Louis University School of 

Medicine, St. Louis) 

(Received for publication, November 5, 1947) 

INTRODUCTION 

In previous papers of this series (1, 2) it was shown that the growth of typhus 
rickettsiae in the entodermal cells lining the yolk sac of the egg is inhibited by 
para-aminobenzoic acid (PABA), by dyes of the toluidin blue group, and by 
increasing the temperature of incubation from 37.5° to 40.0°C. Potassium 
cyanide, in doses tolerated by the embryos, was found to neutralize completely 
the rickettsiostatic action of increased temperature but to have no apparent 
effect on the action of PABA or toluidin blue. 

Potassium cyanide is known to depress cellular respiration while increased 
environmental temperature and dyes of the toluidin blue group are known to 
increase the oxygen uptake of many types of tissue. The effect of PABA on 
the respiration of cells was unknown. 

It therefore seemed desirable to make accurate measurements of the oxygen 
uptake of fertile eggs after injecting these compounds, and to correlate their 
effects on cellular respiration with their ability to inhibit or accelerate rickettsial 
growth. The apparatus and technics used for this purpose will be described in 
detail, since they form a basis for subsequent studies of a similar nature. For 
the same reason, the statistical analysis of our experimentally determined 
figures will be given rather fully. 

Material and Methods 

Methods for infecting fertile chick eggs with t>-phus rickettsiae, injecting the agents to be 
tested, and determining the degree of infection were described in deb^ in Papers I and II of 
this scries. 

In the present work oxj-gen consumption was measured by direct gas analysis. The ap- 
paratus to be described was designed to measure the oxygen consumption of eggs in groups of 
fifteen to twenty, so that the figure obtained in each analysb represents the a\-erage utilization 

* .Aided by a grant from the United States Public Health Service. 
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of oxj'gen per egg per hour. Reasons for making analyses of eggs in groups rather than in- 
dividually will be given below. 

Groups of eggs were removed from tlic incubator and placed in air-tight containers of ap- 
pro.vimately 7 liters capacity. These containers were buried in a constant temperature water 
bath for the duration of tlic analysis. Aluminum desiccators were found to be the most suita- 
ble containers for this purpose. The atmosphere within the desiccators was stirred continu- 
ously by a propeller mounted on the end of a tuberculin syringe plunger. A portion of the 
barrel of the syringe served as the bearing. Tlic barrel was inserted into a rubber stopper 
which in turn was sealed into the lid of the desiccator by means of sealit (Fisher Scientific Co.). 
Heavy rubber tubing fitted snugly around the external portion of the barrel and plunger 
prevented water from coming into contact with the bearing and also aided in forming an air 





Motor shaft 
-Rubber coupling 

Plunger of tuberculin syringe 
-Rubber sleeve 

-Sealit" 


Lid of desiccator 
Rubber stopper 
Barrel of syringe 

Propeller 


Fig. 1. Details of propeller assembly sealed into lid of desiccator. 


tight seal. The end of the plunger projecting to the outside was attached to a motor, mounted 
on the lid, by means of a rubber coupling (see Fig. 1). 

The bearing and shaft were lubricated with glycerine. During the course of the experi- 
ment more glycerine was added through the top of the rubber sleeve by injection with a hypo- 
dermic syringe. This assembly permitted a pressure dififerential of 140 mm. of mercury (either 
positive or negative) while the motor was running at 1 750 k.p.m. There was no loss of pressure 
after several hours. A stop-cock, thermometer, mercury manometer, and serum vial stopper 
were also sealed into the top of each desiccator. 

The water bath designed for these e.xperiments holds four desiccators simultaneously and 
maintains a temperature of 37.5° i 0.02°C. 

Preliminary experiments (to be discussed below) demonstrated that the accumulation of 
CO 2 and the increasing humidity during the course of the analysis affected oxygen consump- 
tion and viability. Therefore a beaker containing a measured amount of ascarite w'as placed 
in the container. This not only removed the CO 2 evolved by the eggs, but also reduced the 
relative humidity to approximately zero. Neither of these environmental changes appeared 
to affect the viability of the eggs during their relatively short stay in the respirometer. The 
use of a drj' CO 2 absorbent made it unnecessary to correct for dissolved oxygen. 
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After pladng the eggs to be tested in the container, its ground edges are coated with stop- 
cock grea=e and the lid is fastened in place by the use of a 4 inch rubber cuff. One inch of the 
rubber band encircles the body of the container, the remainder projecting over the hd and 
thereby cealing it (see Fig. 2). The container is then placed in the water bath. .After the air 
wthin the containers reaches a temperature of 37.3°C. (as determined by the built-in ther- 



Fig. 2. Details of rcspiromcter chamber to hold twenty eggs, constructed from aluminum 
dcsiralor. 

momclcr) the stojxock is closed. Five minutes later the first sample of gas is removed. The 
needle of a 10 cc. E\Tingc, with its plunger closed, is inserted through the serum vial stopper 
in' the lid. The barrel and plunger arc coated with heavy stopcock grease to prevent loss or 
contamin.ilion of the gas sample. .\n 1 1 cc. sample of gas is drawn into the si-ringc. -After 
withdrawal, the needle is quicklt- removed and the s.vringc jdaced in a test tube containing 
enough mctcurv- to cover die lip of the syringe barrel. .A small amount of gas (0.5 cc.) 
is cvpclled by depressing the plunger and the assembly is put aside for a half-hour ]>criod 
to permit the entrapped gas sample to reach room temperature. The second sample is 
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rcniovcfl wlicii ll;e mniiomclcr registers .-i/iproxitiialely 10 miii, of negative [)rcssiirc. The 
clai)secl time between sanii)lcs is noted. The eggs arc tlicn removed from tlic container and 
candled to determine if any embryos liave died. For i)urposcs of calculating o.vygcn con- 
sumption, it is assumed that the occasional emliryos which die have lived half of the clajiscd 
time that the eggs were in the respirometcr chamber. O.vygcn consumi)tion determination is 
based on the average number of live eggs in the container. When dealing with embryos less 
than 8 days old, the second .sam|)lc of gas is removed at the end of 2 hours, regardless of the 
manometer reading. It is necessary to adopt thisarbitrarv procedure because of the length of 
time (6 to 8 hours) rec|uired under the.se conditions for the atmosiiherc to reach 10 mm. of 
negative jwessure. 

The gas sam]iles are analyzed for oxygen by means of a Ilaldanc-Hendcrson gas analyzer. 
The results obtained \vith this ajrjraratus arc itidcj)endcnt of tcmfjcrature, barometric f)rcssurc, 
and wet or dry state of the gas sam|)le (,?). In order to shorten the time rctiuircd for an 
analysis of oxygen consumiition oxorbent (Biirrel) is used to absorb the o.xygcn instead of 
alkaline jyvrogallol. l\cadings which check within 0.002 ml. arc obtained in 10 to 15 passes 
with the former instead of the 50 to -10 ref|uired nilh the latter. 

The volume of the eggs, necessary for determining the corrected volume of the rcsi)iromctcr 
chamber, is found for each setting of eggs by placing a group of them in a 1000 ml. graduate, 
and ]ioiiring water from a volumetric flask (1000 ml.). The amount of water left in the 
volumetric flask divided by the number of eggs gives the average egg volume. 

The volume (in cubic centimeters) of oxygen consumed per egg per hour is calculated from 
the following: 


Cc. Os/egg/hr. 


[Tc — (I'/j + I'/t r.i)l 


L J 

1 

; "J 

(T; - 7'l) 


In certain preliminary c.x[5eriments in which the amount of COe evolved was measured, ^thc 
CO; absorbent was omitted, and the following formula used for the determination. 


HV - O’k + 1 

Cc. COo/egg/hr. = 


Where : 

I’r = volume of respirometcr container; 

1’b = total volume eggs; 

I'/j = volume of beaker holding ascaritc; 
r..i = volume of ascaritc; 

= volume of gas after absorption of CO; (first samiile); 

= volume of gas after absorjrtion of O; (first sample); 

S, = volume of first gas sample; 

= volume ol gas after absorjrtion of CO; (second sample); 
R'o„ = volume of gas after absoriHion of O; (second sample); 

= volume of second gas samiile; 

= number of live eggs placed in respirometcr; 

= number of lir-c eggs removed from respirometcr; 

Ti = time of taking first gas sample; 

7'j = time of taking second gas sample. 


■« + r.,)] 


*5 i — Ff-Qo Si Kco; 


5.- 


5 ,- 


— 


£i + 


(T, - Ti) 
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oviduct, and egg formation in the hen usually takes from 18 to 30 hours, the 
development of the blastoderm with differentiation of the three germ layers 
has already taken place by the time the egg is laid. Thus no two eggs contain 
embryos of the same age at the time of laying. Another factor is the variable 
temperature of the environment in which the eggs are maintained before they 
reach the incubator. In order to average out the above differences in embry- 


TABLE ir 

Oxygen Consumption in Embyrottale Eggs of the White Rock Variety (Fall Setting) 


Age of embryos 


Oiygco consumption per egg per hr. 



Serica i 

Series 2 



Series S 

Series 6 

days 

cc. 

cc. 1 


cc. 


cc. 

5 

0.89 

1.06 

0.95 

1.39 

1.12 

0.91 

7 

1.84 

1.42 

1.51 i 

1.39 j 

1.52 

1.44 

9 

2.23 

2.17 

2.68 

2.24 

2.32 

2.61 

11 

2.99 

3.51 

3.48 

3.20 

3.11 

3.42 

13 

8.88 

9.01 

9.13 

9.36 

8.91 

9.03 

IS 

I 13.86 

13.94 

14.36 

14.03 

14.26 

13.92 

17 

19.50 

19.00 

19.46 

19.56 

19.32 

19.22 


TABLE III 

Oxygen Consumption in Embryonate Eggs of the White Rock Variety (Winter Setting) 


Oxygen consumption per egg per hr. 


Age ox emDryosj 

Series 1 

Series 2 

Scries 3 

Scries 4 

Scries S 

Series 6 

days 

cc. 

CC. 

CC. 

CC. 

CC. 

CC, 

6 

0,48 

0.71 

0.34 

0.59 

0.29 

0.57 

8 

0.82 

1.15 

1.35 

1.01 

0.99 

0.92 


2.01 

2.48 

2.37 

2.46 

2.17 

2.18 

12 

6.49 

6.37 

5.98 

6.01 

6.11 

6.36 

14 

9.87 

10.00 

9.97 

10.39 

10.24 

10.16 

16 

13.66 

13.41 

13.37 

13.97 

13.82 

13.55 

18 

17.53 

17.36 

17.74 

17.22 

17.68 

17.34 


onic age and development, fifteen to twenty eggs are placed in each respirome- 
ter. 

Statistical Analysis . — ^As has been stated the figures obtained in these e.^peri- 
ments represent the mean o.vygen consumption per egg per hour. It was there- 
fore impossible to employ the statistical methods ordinarily used for comparing 
populations composed of individuals. 

The statistical technique evolved was as follows: Variations in the o.xygen 
consumption between groups of untreated eggs were first found and tabulated. 
These differences were used as a standard for determining the significance of 
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differences later found between the control and treated groups of eggs. The 
eggs used for these preliminary experiments were from the same flpck (White 
Rock variety) and oxygen consumption was measured on settings obtained in 
the fall, winter, and spring. Each setting was divided into a number of series. 
Oxygen uptake at different ages was measured simultaneously on groups of 
twenty eggs from each series. Once used the eggs were discarded. The re- 
sults are shown in Tables II (fall), III (winter), and IV (spring). 

The mean differences were obtained by making all possible combinations of 
oxygen consumption of embryos of the same age among the several series from 


TABLE IV 

Oxygen Consumption in Emhryonale Eggs of the While Rock Variety {Spring Setting) 


Oiygen consumption per egg per hr. 



Series 1 

Series 2 

Series 3 

Series 4 

Series S 

Series 6 

dayi 

cc. 

cc. 

cc. 

cc. 

CC. 

cc. 

5 

0.42 

0.70 

0.66 

0.91 

0.60 

0.38 , 

6 

1.31 

1.62 

1.49 

1.37 . 

1.78 

1.68 

7 

1.97 

1.73 

2.20 

2.15 

1.99 

2.41 

8 

2.50 

2.33 

1.92 

2.47 

2.28 

2.07 

9 

2.77 

2.99 

2.46 

2.53 

3.01 

2.87 

10 

3.82 

4.12 

3.67 

4.10 

3.64 

4.02 

11 

4.99 

4.67 

4.83 

4.91 

4.58 

4.63 

12 

5.47 

5.96 

5.63 

5.59 

5.45 

5.84 

13 

8.91 

8.85 

9.22 

9 .S 5 

9.01 

8.97 

14 

11.22 

11.68 

11.23 

11.74 

11.47 

11.33 

15 

13.53 

13.68 

13.62 

13.30 

13.78 

13.80 

16 

14.23 

14.62 

14.54 

14.16 

14.18 

14.49 

17 

16.07 

16.21 

16.00 

16.51 

16.33 

16.33 

18 

17.69 

17.55 

17.67 

17.82 

18.03 

17.93 


each setting of eggs. Thus from Table II, the six oxygen readings for 5 day old 
embryos give 15 (6^2) mean differences; viz., 0.11 (1.06 - 0.95), 0.17 (1.06 - 
0.89), 0.06 (1.12 — 1.06), etc. These differences were treated as absolute 
values; i.e., without regard to sign. The mean of the mean differences (ilfma) 
was found from the formula: 


where 2 ;hJ = the summation of all possible mean differences of the several 
series of a given setting of embryos of the same age, and N = the number of 
mean differences. 

In order to compare mean differences it was also necessary to find the stand- 
ard error of the mean differences (<r„u). This was calculated from the foUowing: 
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ffvid = 



(.^fmd Vtd)^ 
N 


Although biological distributions in general follow a cocked-hat form with 
the normal law as a central type, tliey frequently show some degree of departure 
from normality. The type of distribution of oxygen consumption of developing 
chick embryos was not known. However, it is known that the means of a 
series of samples drawn from a non-norma!ly distributed parent population will 
show a close approximation to a normal distribution. From the practical 


T/VBLE V 


i[ean of Mean Differences and Standard Error of Mean t)ijjcrcnces of Oxygen Consumption 
Determinations in Embryonate Eggs of the White Rock Variety 


Age of embryos 

Fall setting (Tabic 11) 

Winter setting (Table III) 

Spring setting (Table IV) 

■i^md 

ffffld 

■^ind 


ATfnd 

ffmd 

days 




' 



5 

0.21 

0.15 




0.14 

6 



0.20 

0.11 


0.12 

7 

0.17 

0.15 




0.17 

8 



0.22 

0.14 

0.28 

0.16 

9 

0.25 

0.17 



0.29 

0.17 

10 



0.23 

0.12 

0.26 

0.15 

11 

0.36 

0.24 



0.20 

0.12 

12 



0.26 

0.16 

0.23 

0.15 

13 

0.21 

0.14 



0.23 

0.14 

14 



0.24 

0.13 

0.27 

0.15 

IS 

0.24 

0.16 



0.22 

0.14 

16 



0.29 

0.16 

0.24 

0.15 

17 

0.25 

0.15 



0.23 

0.13 

18 



0.25 

0.14 

0.21 

0.12 


point of view in biology, this deviation of the distribution of means and mean 
differences from the normal form is in general so small as to be of trivial conse- 
quence. The form of the above distribution is characterized by the mean of 
the mean differences (Mmd) and the standard error of the mean differences 
{(Tmd)- Table V gives the aforementioned statistics for tlie several settings. 

Differences between the means of mean differences were tested for statistical 
significance by dividing the difference by the standard error of the difference. 

. . Mmdi “ Mmdi 

The difterence m standard units (sigmas; == — . ^ 

' V <rmdi + <rmdi 

This test was made between embryos of tlie same age but different settings. 
In no case was there a difference between means of the mean differences that 
remotely approached significance (3 sigma or greater). Therefore the means 
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of the mean differences and the standard errors of the mean differences for 
embryos of the same age but of different settings were combined and weighted 
to give greater value to the more reliable statistic. 

_ _ NiMmdi + NiMmdi + ' ‘ ‘ d" NKMmdx: 

Ni + N,+ ---+Nk 


^ 


Ni a^l -h Ni amdi d~ • • • + hTjCCTindjc 
iVi -h i\rs + * • • + Nr — N 


Wtee; 

Mmd = the weighted mean of the mean differences, 

= the weighted standard error of the mean differences. Ni -h Ni etc. = number of 
individuals in the several samples. 

K = number of samples. 


TABLE VI 


Stathtkal Analysis of Figures for Oxygen Consumption of Eggs of the White Rock Variety at 

Dijferent Embryonic Ages 


Agejof embryos l 

Weighted 
mean of mcaa 
differences* 

iftnd 

Weighted stand* 
ard error of 
mean 

differences* 

Weighted stand* 
ard error of 
mean of mean 
differences* 

Upper vaiue 
of the five sigma 
confidence 
level's 

Minimum differ- 
ences 

necessary for 
significance* 

3 tfmd 

days 

5 

0.23 

0.148 

0.028 

0.37 

0.82 

6 

0.22 

0,118 

0.022 

0.33 

0.69 

7 

0.23 

0.166 

0.030 

0.38 

0.96 

8 

0.25 

0.155 

0.029 

0.39 

0.87 

9 

0.27 

0.175 

0.033 

0.43 

0.97 

10 

0.25 

0.140 

0.026 

0.38 

0.80 

11 

0.28 

0.195 

0.036 

0.46 

1.06 

12 

0.25 

0.160 

0.030 

0.40 

0.88 

13 

0.22 

0.144 

0.027 

0.35 

0.78 

14 

0.26 

0.145 

0.027 

0.39 

0.84 

IS 

0.23 

0.155 

0.029 

0.37 

0.85 

16 

0.27 

0.160 

0.030 

0.42 

0.90 

17 

0.24 

0,145 

0.027 

0.37 

0.82 

18 

0.23 

0.135 

0.026 

0.36 

0.78 


* All figures represent cubic centimeters of O 2 consumed per egg per hour. 


Table VI gives the foregoing statistics. 

As was pointed out previously, the means of a series of samples drawn from a 
parent population will be appro.vimately normally distributed. Also the mean 
of the means will approacli very closely in magnitude the mean of the parent 
population. However, when the mean of the parent population is not known, 
then the best guess as to the true mean is that it will lie somewhere within the 
range e.xpressed by the mean standard errors of the mean. In fact we 
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would expect the true mean to He outside of the foregoing range only once in a 
million times. This is known as the 5 sigma confidence level. Thus in our 
experiments the expression expresses the upper level of the 

confidence band and the true mean difference could only be expected to be 
beyond this value once in a million times. The weighted standard error of the 
mean of mean differences was found as follows: 


^md 




md 


Vn - 1 


where N = the number of individuals in the sample. The values of the upper 
limit of the 5 sigma confidence level are given in Table VI. It was these values 
which were used in determining the existence of significant or non-significant 
differences in oxygen consumption between two groups of embryos of the same 
age. 

The following test for significance was used : 


Mean difTerence in sigmas = 


Xi — Xi — (Mmd + 

^md 


Where: 

Xi and X 2 = the figures for oxygen uptake per egg per hour for the two samples of embryos of 
the same age. 

Mmd -h 5^i{md “ the upper limit of the S sigma confidence band of the mean difference in 
oxygen consumption to be expected for cbmryos of the same age as the samples. 

Smd — the weighted standard error of the mean difference of oxygen consumption of embrj'OS 
of the same age as the samples. 

Only when tlie above difference was a positive 3 sigma or greater (expected to 
occur less than two times in a thousand by chance alone) was the difference 
between the two samples considered significant. 

The figures in the last column of Table VI, obtained by adding three weighted 
standard errors of the mean differences to the upper value of the 5 sigma con- 
fidence level, represent the experimentally determined mmimum differences in 
oxygen consumption considered necessary for significance at each embryonic 
age. 

Preliminary Experiments 

Before adopting tlie above described technique for determining oxygen up- 
take, certain preliminary experiments were carried out. The metliod which it 
was eventually decided to use was chosen as a result of information gained 
from these experiments. 

The Effect oj Oxygen and Carbon Dioxide Tensions . — Relatively few observa- 
tions have been made on the effect of changes in oxygen and carbon dioxide ten- 
sions on cellular respiration. In general, however, it has been observed diat 
wide differences in oxygen tension do not influence oxygen consumption. 
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Slight increases in carbon dioxide tension have been shown to cause a rise in the 
rate of oxygen uptake, while further increases markedly lower respiration. 
Since the oxygen consumption of our eggs was measured while they were in 
closed containers, the effect of COz accumulation required consideration. On 
the other hand, if the carbon dioxide was absorbed as it was liberated a lowering 
of the oxygen tension would result. It was therefore necessary that the effect 
of this factor on oxygen uptake be determined. 


Experiment— A. setting of fertile White Rock eggs was divided into two groups. The first 
group was used to determine the effect of oxygen tension on the oxygen consumption of the 
developing embryos. The carbon dioxide was removed by placing a beaker of ascarite in the 
respirometer chamber. This compound also removed water vapor from the atmosphere, 
redudng the relative humidity to zero. 

The second group was used to determine the effect of carbon dioxide tension on oxygen con- 
sumption. A beaker containing anhydrone was placed in the container holding the eggs. 
This compound reduced the relative humidity to zero. In order to prevent the anhydrone 
from absorbing small amounts of carbon dioxide, it was first saturated with this gas. Excess 
gas was removed by gentle heating. 

As the atmosphere surroimding the eggs was not renewed during the course of an oxygen 
consumption determination, the carbon dioxide tension varied continuously. The average 
partial pressure of the gas was calculated from the following; 


Average partial pressure of COj = 


per cent CO’i-P' — per cent COi-P 
2 


Where: P' and P = the barometric pressures at the time of removal of the second and first 
samples respectively. 

The eggs were allowed to remain in the respirometer chambers lor a period of 5 hours. An 
initial gas sample was removed for analysis as soon as temperature equilibrium became estab- 
lished (about 20 minutes after sealing the containers). Thereafter, hourly samples were 
removed and analyzed. 

Discussion . — ^The hourly differences in oxygen consumption for embryos 
of a given age which were tested in a carbon dioxide-free atmosphere were 
statistically insignificant (Table VII). Parnas and Krasinska (7) showed that 
fertilized eggs of amphibia developed normally in an atmosphere of pure oxygen. 
Hasselbalch (8), Bohr and Hasselbalch (9), and Krogh (10) in their classical 
e.xperiments on oxygen consumption of the developing chick embryo, bathed 
the eggs being tested in a carbon dio.xide-free atmosphere and instantly re- 
moved any carbon dioxide liberated. They found that the absence of this 
gas in no way affected either oxygen uptake or carbon dioxide production. 
It might also be pointed out that the methods of Warburg, Barcroft, Dixon 
and others used so frequently in the measurement of o.xygen consumption of 
tissues all involve the absorption of carbon dio.xide. Thus the absence of 
carbon dio.xide would appear in general to have little effect upon o.xygen uptake. 

llic results shown in Table VII indicate also that the decrease in o.xygen 
concentration resulting from the absorption of CO. did not affect the rate of 
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oxygen uptake. Riddle (11) has reported that for its entire developmental 
period the embryo presumably requires a concentration of o.xygen of not less 
than 14 per cent. Wesselkin (12) has shown that embryos will live and develop 
for a limited time in approximately 12 per cent o.xygen. Warburg and his 
coworkers have also shown that the rates of respiration of isolated cells and 
tissues were independent of o.xygen tension within wide limits (13-15). The 
concentration of o.xygen in the respiromeler containers in our apparatus was 
never below 16 per cent. Thus it can reasonably be assumed that the di- 
minished oxygen tension did not affect tiie respiration of the developing em- 
bryos. 

The effect of increased carbon dioxide tension on the o.xygen consumption 
of fertile eggs is shown in Table VIIL The 5 day old eggs showed an increase 

TABLE VII 


Oxygen Consumption of Embryonaie Eggs in the Absence of Carbon Dioxide 


Age of embryos 


Oxygen consumption per egg per hr. 


1st hour 

3rd hour 

2nd hour 

4th hour 

oth hour 

days 

cc. 

cc» 

cc. 

cc. 

CC, 

5 

0.38 

0,32 

0.61 

0.42 

0.29 

8 

1.35 

0.98 

1.42 

1.01 

1.19 

10 

' 2.12 

2.36 

1.99 

2.21 

2.00 

12 

5.48 

5.61 

5.13 

5.52 

5.50 

15 

10.64 

10.38 

10.37 

10.49 

10.25 

17 

16.04 

I 16.48 

16.33 

16.21 

16.29 


in the rate of o.xygen utilization with increased carbon dioxide tension. Al- 
though tire individual differences were not statistically significant, tliey prob- 
ably should be considered significant because of their uniform trend. The 
8 and 10 day old embryos showed the same response, and the individual dif- 
ferences were significant. The 12, 15, and 17 day old eggs all showed a sig- 
nificant decrease in o.xygen uptake with increasing carbon dioxide tension. 
The reason for tliis is not clear. 

.Root (16, 17) using sea urchin eggs, paramecium, and nerve sections and 
Burfield (18) using flounder eggs have reported that slight elevations of tlie 
carbon dioxide concentration increased oxygen uptake in the foregoing organ- 
isms, while large increases in the concentration of the gas greatly lessened 
o.xygen consumption. Romanoff (19) has shown that increased carbon dioxide 
tension (0.4 per cent) stimulates early growth of the chick embryo. With 
the advancement of incubation, however, the size of the embryo diminished 
and at hatching time, many of the embryos were abnormal. Where the at- 
mosphere contained 6.0 per cent carbon dioxide all embryos grew slowly and 
soon died. 
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Murray (20) has pointed out that estimations of carbon dioxide production 
of the developing chick embryo are subject to a number of unknown variables 
determinable with difficulty. These include variations in the concentration 
of carbon dioxide in the embryo, albumin and yolk, and contributions made by 
the carbonates dissolved from the shell. 

From the foregoing discussion, it would appear that the most accurate 
measurement of oxygen consumption of fertile eggs is obtained in a carbon 
dioxide-free atmosphere. 

TABLE vni 


The Egect of Carbon Dioxide Tension on the Oxygen Consumption of Embryonate Eggs 



1st hr. 

2nd hr. 

3rd hr. 

4tb hi. 

5th hr. 

embryos 

I'm- 

T’eOd 

I'Or 

^COi 

'^0. 

1’COj 

'"o. 

o 

u 

'^0, 

•PcOj 



mm. 


mm. 

cc. 

mm. 

cc. 

mm. 

cc. 

mm. 






0.57 


0.56 


1.03 




1.18 


1.85 


2.67 


4.59 


5.49 

8 

0.73 


1.32 


j 1.35 


1.35 


1.80 




4.01 j 


5.34 1 


6.83 j 


8.84 

1 

10.69 

10 

2.02 


2.06 


2.37 

j 

2.99 


3.31 




1 4.68 


4.72 


9.42 


11.30 


13.59 

12 

1 

5.03 


4.82 


4.58 


4.32 


3.62 




3.78 


6.30 


8.97 


11.95 



15 

10.28 


8.53 


7.61 


5.82 


4.11 




11.72 


15.43 


17.21 


20.10 


21.95 

17 

16.28 


15.01 


12.32 


10.59 


8.64 




11.20 


20.40 


23.61 


28.40 


34.25 


* Cubic centimeters of oxygen consumed per egg per hour, 
t Average partial pressure of carbon dioxide in millimeters of mercur>'. 


T/ie Effect of Relative Humidity on the Oxygen Consumption of Fertile Eggs . — 
Romanoff (21) has shown that a definite relationship e.xists between relative 
humidity and the growth, calcium metabolism, and mortality of the developing 
chick embryo. High relative humidity (80 per cent) favored growth and 
calcium metabolism but caused heavy mortality before hatching. Low relative 
humidity (40 per cent) retarded growth and calcium metabolism but had no 
effect on mortality. However, no reports appear to be available concerning the 
effect of relative humidity on tire o.xygen uptake of fertile eggs. 

Experiment.— A setting of eggs was divided into two groups. One group was placed in a 
respiromclcr chamber containing a beaker of ascarite. This resulted in a reUtive humidity 
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of 0 per cent and also removed carbon dioxide. The other group was tested in the presence 
of 30.0 per cent solution of potassium hydroxide. This solution removed the carbon dioxide 
formed and also produced a relative humidity of 73.8 per cent. 

Discussion . — ^The results obtained are shown in Table IX. There were no 
significant differences in o.xygen uptake for embryos of the same age. Thus 
the relative humidity appears to have no effect of importance on o.xygen con- 
sumption. However, it was observed tliat older embryos displayed a higher 
mortality with increased humidity, appro.ximately 20 per cent dying within 36 
hours after being removed from the respirometer and returned to the incubator. 
In view of the results of these experiments, ascarite, which absorbed CO 2 
and reduced the relative humidity to approximately zero, was adopted in our 
routine technique. 


TABLE IX 


The Effect of Relative Humidity on the Oxygen Consumption of Emhryonate Eggs 


Age of embryos 

. Oxygen consumption per egg per hr. 

High relative humidity 
(73. 8 per cent) 

Low relative humidity 
(0.0 per cent) 

days 

CC, 1 

CC, 

5 

0.61 

0.44 

8 

1.07 

1.37 

10 

2.36 

2.85 

12 

4.99 

5.42 

15 - 

10.37 

10.42 

17 

15.81 

16.25 


The Effect of Rickettsial Infection 

Gildenmeister and Haagen (22) in 1940 reported the presence of a toxin, 
lethal to mice, in the yolk sacs of t 3 rphus-infected fertile eggs. Kligler and 
Oleinik (23), and Olitzki and his coworkers (24) have demonstrated the e.x- 
istence of thermolabile and thermostable toxins in typhus-infected yolk sacs. 
Bengston, Topping, and Henderson (25) have shown that there is a toxic sub- 
stance closely associated with rickettsial bodies. 

In our method of infecting eggs witlr typhus rickettsiae, yolk sac material 
containing unwashed rickettsiae was injected. Thus with eacli portion of 
inoculum the eggs presumably received the above mentioned toxins. A series 
of experiments was carried out to determine the immediate effect of these toxins 
in the inoculum, as well as the subsequent growth of rickettsiae, on o.xygen 
consumption. 

Experiment. — A setting of White Rock egp was divided into two groups. One group 
received 0.1 cc. of a 1:50 heavily infected (-h-h-h-f -}-+) suspension of yolk sac material. 
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The other group served as a control. Oxygen consumption was measured 24 hours before the 
injections of the yolk sac material, shortly after inoculation (1 hour), and at intervals there- 
after. On removal from the respirometer chamber, five of the infected eggs were smeared and 
stained in order to follow the course of the developing infection. 

Discussion . — ^Table X gives the results obtained in a typical experiment. 
The oxygen consumption of both series increased steadily from the 6th to the 
11th day. The differences between figures for embryos of a given age were not 
significant. From the 12th day to the 16th day the oxygen uptake of the con- 
trol group continued to increase in a normal maimer. In the typhus-infected 
group, however, the increase in oxygen uptake with advancing age was at a 


TABLE X 

Tht Effect of Infection with Typhus Rickettsiae on Oxygen Consumption of Embry onale Eggs 


Agt of embryos 
! 

Oxygen consumption per egg per br. 

UnUifected eggs 
(control) 

Typhus eggs (infected) 

I Degree of infection 

days 

! CCe 

1 ee. 


6 

6.9* 

' 1.23 

\ 1.18 

0,0, 0,0,0 

7 

1.S6 

' 1.27 

0, 0, 0, 0, 0 

9 

2.08 

2.16 

0,(+), 0,0,0 

0, (+),0,0, (+) 

11 

4.65 

5.11 

12 

7.22 

5.49 

1, 1, (H-), 2, 1 

13 

8.95 

6.34 

3, 2, 4, 3, 4 

14 

10.83 

7.11 

5, 6, 4, 6, 4 

16 

14.26 

2.60 

7, 6, 6, 7, 5 


* Rickettsiae injected. 


much lower rate than in the controls. On the 16th day this group showed a 
sharp decline in the rate of oxygen uptake. The differences in oaygen con- 
sumption between the two groups for embryos of a given age were highly 
significant. 

The presence of the previously discussed to.xins in the inoculum appeared to 
have little effect upon the oxygen consumption of the developing chick em- 
bryos from ages 6 to 10 days. However, it was possible that the effect of these 
toxins was too small to be demonstrable by our technique. 

Definite rickettsiae became evident in yolk sac smears on the 12th day and the 
degree of infection increased steadily, reaching a peak on the 16th day. Thus 
there appears to be an inverse correlation between the rate of rickettsial growth 
and the rate of o.xygen consumption. The decline in oxygen uptake of the 
developing embryos appears to be due to the toxins produced by the rickettsiae, 
as this value declines several days before the degree of infection is great enough 
to cause the death of large numbers of cells. The low figure obtained for the 
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16 day old infected embryos may be due to the death of many cells as well as 
to the effect of rickettsial toxins. At this point, embryonic death was occurring 
in many eggs. 

Although several variables entered into this e.vperiment, it is clear that the 
presence of rickettsiae in the entodermal cells of the yolk sac, even before fetal 
death begins to occur, lowers the oxygen consumption of the eggs. The results 
suggest that the toxins produced by rickettsiae have a depressing effect on 
cellular respiration, and thus favor the development of the infection. This may 
be a factor of importance in explaining the favorable effect of antito.xin in 
typhus. 

On careful analysis of the figures obtained in eight experiments (four of which 
are shown in Tables X, XI, XII, and XIV) it became evident that a slight and 
temporary rise in o.xygen consumption invariably occurred before the more 
marked and prolonged fall. This effect was noted on the 4th day of infection, 
at a time when, relatively speaking, very few rickettsiae were present (less 
than one per high power field). Although the increase in o.xygen uptake was 
on the average only about half as great as the figure which it was decided to 
regard as statistically significant, its occurrence in all eight e.xperiments makes 
it clear that it is a real effect. It seems probable then, that the mild con- 
centrations of rickettsial toxins whicli are present in the early stages of cell 
invasion have a stimulating effect on cellular respiration. In the higher con- 
centrations which develop rapidly, the effect of these same toxins is apparently 
a marked reduction in the respiratory rate, and eventual embryonic death. 

The Effect of PABA, MABA, aiid OABA 

Nothing was known concerning the effect of PABA, MABA (meta-amino- 
benzoic acid), and OABA (ortho-aminobenzoic acid) on the respiration of 
tissues. In the first two papers of tliis series, we reported that PABA was 
rickettsiostatic, while MABA and OABA did not influence rickettsial growth. 
We suggested the possibility that PABA might inhibit rickettsial growtli by 
increasing the metabolic rate of the host cells. The fact that PABA is usually 
regarded as a member of the B group of vitamins suggested that it might have 
an effect on intracellular metabolism. It was however possible that all three 
benzoic acid compounds might affect the metabolism of the host cells in a 
similar manner and that PABA might act specifically and directly on the 
metabolism of rickettsiae. 

Experiment . — A setting of eggs of the White Rock variety was divided into two series. 
One series was inoculated with typhus rickettsiae. Each series was further divided into four 
groups. One group of the non-infected series and one group of the infected series were used 
as controls. The other groups received 6.6 mg. of PABA, MABA, and OABA respectively. 
O.xygen determinations were made within 2 hours after the eggs were inoculated with rickett- 
siae or injected with the aforementioned compounds and at intervals thereafter. Because of 
the great numbers of eggs required in this experiment it was necessary to use some of the eggs 
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several times for oxygen determinations. These eggs, however, were never used until they 
had been in the incubator for several days. 

ResuKs— Table XI shows results typical of those obtained in several ex- 
periments. There were no significant differences in osygen consumption of the 
developing chick embryos from ages 6 to 11 days. From the 12th day of in- 
cubation onward the oxygen uptake of the infected controls and infected egg 
injected with MABA and OABA was found to decline steadily. These values 
for embryos of a given age were not significantly different from each other but 

TABLE XI 

The EJjfecl ofPABA, MABA, and OABA on the Oxygen Consumption of Non-Inf ected and 
Typhus-Infected Embry onate Eggs 
V Oxygen consrimption per egg per hr. 


Oxygen consumption per egg per hr. 


m 

Non-infected seriea ] 

Infected series 

bryos 

Con- 

tiol 

6.6 nm. 
PABA 

6.6 mg. 
MABA 

6.6 mg. 
OABA 

Con- 

trol 

6.6 m?. 
PABA 

6.6 mg. 
MABAj 

6.6 xng. 
OABA 

iays 

cc* 


cc* 


ec. 

cc. 

cc. 

cc. 

6 

1.23 

1.29 

1.68 

1.42 

1.18 

1.27 

1.33 

1.41 

6.9 





Eggs inoculated with typhus rickettsiae 

7 

1.53 

1.53 

1.63 

1.46 

1.38 

1.28 

1.16 

1.49 

8.9 


PABA in- 

MABA in- 

OABA in- 


PABA in- 

MABA in- 

OABA in- 



jected 

jected 

jected 


jected 

jected 

jected 

9 


2.58 

2.42 

2.33 

1.98 

2.14 

2.21 

2.00 

11 

4.67 

5.50 

5.01 

4.82 

5.17 

4.63 

5.12 

4.75 

12 

7.20 

6.90 

7.12 

7.35 

5.48 

6.88 

5.92 

5.18 

13 

8.95 

12.24 

8.86 

8.11 

6.39 

11.35 

6.48 

6.17 

14 


16.00 

10.75 

9.93 

7.14 

23.00 

7.03 

6.57 

16 

14.21 

15.44 

13.97 

13.03 

2.61 

18.01 

2.37 

1.85 

18 

mm 

16.58 

14.87 

12.39 

— 

17.00 

— 

— 


all were significantly lower than the values for non-infected controls of the same 
age. 

The values for oxygen consumption of the non-infected control eggs and non- 
infected eggs injected with MABA and OABA were not significantly different 
for 6 to 14 day old embryos. Sixteen day old embryos infected with OABA 
showed a metabolic rate significantly lower than the controls and those injected 
with MABA. The values for o.xygen consumption of 18 day old embryos 
injected with MABA and O.ABA were significantly lower than the values for the 
controls. .Also tlie metabolic rate of the group injected with O.ABA was signifi- 
cantly lower than that of the group injected with MABA. 

I he PAB.A-treated eggs of both the infected and non-infected series dis- 
played a signilicanl increase in o.xygen consumption over the non-infected 
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controls from the 13th to the 16th days of incubation. The values obtained 
for 14 and 16 day old PABA-injected eggs of the infected series were signifi- 
cantly greater tlian those of the non-infected series. Non-infected, PABA- 
treated, 18 day old embryos were found to have a significantly lower o.xygen 
consumption than the non-infected controls. The values obtained for infected, 
PABA-treated IS day old embryos were not significantly different from those 
found in the non-infected controls. 

Discussion . — In summarizing the results of several e.\-periments of this type, 
it may be said that PABA increased the o.vygen consumption of normal eggs, 
the effect being first seen on tlie 4th day after its injection, lasting for 4 days and 
reaching its height at about the middle of this 4 day period. Thereafter, the 
o.xygen consumption fell below that of the untreated eggs. In typhus-in- 
fected eggs, PABA affected oxygen consumption in a similar way, the principal 
difference being that oxygen consumption at its height was much greater tlian 
in the uninfected eggs. 

This stimulating effect of PABA on respiration is of particular interest, since 
this finding harmonizes well witli previous observations which suggest that 
rickettsial growth is inversely proportional to the metabolic rate of the host 
cells (26-28). MABA and OABA, which are not rickettsiostatic, do not in- 
crease o.xygen consumption; in fact they lower it somewhat. This observation 
may be e.xplained on the theory that tliese compounds compete with PABA for 
linkage in some enzyme system. The detrimental effect of the sulfonamides in 
rickettsial diseases has been explained in this way. 

The fact that PABA raises the o.xygen consumption to an even higher level 
in the presence of rickettsiae than it does in their absence was confirmed re- 
peatedly. The simplest explanation of this observation — and quite possibly 
the correct one — is that the relatively small numbers of rickettsiae which are 
present in PABA-treated eggs produce a concentration of rickettsial toxin just 
sufficient to stimulate cellular respiration. This stimulating effect would 
persist, since rickettsiae are never completely destroyed, and would be added to 
the stimulating effect of PABA. The fact that rickettsial infection in untreated 
eggs causes a slight and temporary increase in o.xygen consumption in the early 
stages of infection has already been brought out. 

The Effect of Potassium Cyanide 

In our previous work (2) we found that KCN stimulated rickettsial growth. 
This was presumably the result of a decrease in the metabolic rate in the host 
cells. 

Experiment .— setting of fertile eggs of the White Rock variety was divided into four 
groups. One group was untreated and served as a control. The second and fourth groups 
were inoculated with 0.1 cc. of a suspension of rickettsiae. The third and fourth groups were 
injected with concentration of KCN (based on 20 cc. of yolk). 
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i?es«to.— Tables XII and XIII show the results typically obtained. ■ The 
typhus-inoculated eggs gave a curve for oxygen consumption and degree of 
infection similar to that previously described. 

TABLE Xn 

The Efeci of Potassium Cyanide on the Oxygen Consumption of Non-Inf ected and Typhus- 

Infected Emhryonate Eggs 


Oxygen consumption per egg per hr. 


Age of 
embryos 

Controls 

(non- 

infected) 

Typhus-infected 

Potassium cyanide 

Typhus-infected plus 
potassium cyanide 

days 

cc. 

cc. 

u. 

cc. 

6 

0.37 

0.42 

0.36 

0.36 

6.2 


Typhus inoculated 


Typhus inoculated 

7.9 


KCN injected 

KCN injected 

8 

1.11 

1.20 

0.75 

0.95 

10 

2.28 

2.46 

1.41 

1.28 

13 

4.7S 

3.48 

3.50 

1.46 

IS 

8.50 

1.63 

7.50 


18 

22.86 


14.28 



TABLE Xin 


The Effect of Potassium Cyanide on the Oxygen Consumption of Non-Inf uted and Typhus- 

Infected Emhryonate Eggs 


Age of embryos 

Oxygen consumption per egg per hr. 

Controls 

(non-infected) 

Typhus-infected 

Potassium cyanide 

Typhus-infected plus 
potassium cyanide 

Jays 

cc. 


cc. 

cc. 

5 

0.38 

0.63 

0.44 

0.97 

(1 


Rickettsiae in- 


Rickettsiae in- 

7.8 

I 

1 jeeted 


jeeted 




KCN injected 

KCN injected 

8 

1.49 

1.99 

1.01 

0.12 

10 

3.99 

3.29 

2.29 

2.16 

12 

5.07 

4.05 

4.12 

2.87 

15 

10.88 

1.68 

11.80 


17 

14.28 


14.71 



The injection of KCN caused an immediate decrease in o.xygen uptake. The 
difference between the control group and tlie KCN-injected group was not 
statistically significant. Howes'er, this immediate effect has been observed in 
eight e.\periments and the difference, therefore, is probably real. Two days 
after injection of the reagent the o.xygcn consumption of treated eggs was 
significantly lower than that of the controls and remained so for the duration of 
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tlie experiment (see Table XII). In some experiments the decrease in oxygen 
uptake was present for several days after the injection of KCN but at later 
embryonic ages the metabolism of the two groups was not significantly dif- 
ferent (see Table XIII). 

The fertile eggs inoculated with typhus rickettsiae and subsequently injected 
with KCN showed essentially the foregomg picture. The decrease in metabolic 
rate was more pronounced and the embryos died about 24 hours sooner than 
those inoculated only with rickettsiae. In several experiments the inoculated 
eggs receiving KCN showed an immediate and significant drop in oxygen con- 
sumption. In one e.\periment (Table XIII) the rate of oxygen consumption in 
the infected eggs given KCN was only a small fraction of the rate in non-in- 
fected and infected untreated controls. 

Disciissioii . — The depressing effect of KCN on the respiration of uninfected 
eggs is in harmony with known facts concerning the action of this compound. 
The amount of KCN injected was the largest amount whicli could be injected 
witliout injury to the developing embryos. Quantitatively, the effect was 
somewhat less tlian might have been anticipated. It was however, sufficient 
to explain the enhancement of rickettsial growth which this compound has been 
observed to cause (2) when injected into eggs in which conditions were un- 
favorable for rickettsial growth. 

In most of our e.\periments, a single injection maintained the respiratory rate 
at a loAvered level for at least 9 days. 

The Effect of FAB A Plus KCN 

Experiment . — A setting of eggs of the White Rock variety was divided into two groups. 
Each group was subdivided into four series. One group was inoculated with typhus rickett- 
siae. One series of eadi group was used as a control. The second, third, and fourth series of 
each group received KCN in an amount necessary to give a 10~% concentration (based on 20 
cc. of yolk), 6.6 mg. of PABA, and PABA + KCN respectively. The great numbers of eggs 
required in this experiment made it necessary to use some of them several times for respiration 
studies. These eggs were never reused unless they had been in the incubator for several days^ 

Results . — ^Table XIV summarizes the results obtained in a typical experiment. 
The individual effects of rickettsial infection, KCN, and PABA were similar to 
those already presented. 

In the non-infected eggs, PABA caused a striking increase in oxygen con- 
sumption. This effect first appeared about 4 days after the injection of the 
compound, and lasted for 3 days. KCN caused a moderate decrease in oxygen 
consumption, beginning immediately after injection and lasting for about 9 
days. When both PABA and KCN were injected, the stimulating effect of 
PABA on repiration predominated, so that eggs receiving both compounds 
showed a marked increase in oxygen consumption as compared with the con- 
trols. The rate of oxygen consumption was, however, significantly lower than 
it was in the eggs receiving PABA alone. 
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In the infected eggs, the effects of PABA, KCN, and PABA plus KCN were 
qualitatively similar to the effects of these compounds in the absence of 
rickettsiae. The stimulating effect of PABA on respiration was, however, 
quantitatively greater than in the case of the uninfected eggs. KCN caused 
a decrease in oxygen consumption, the rate even falling significantly below that 
in the infected controls. When both PABA and KCN were injected, the 

TABLE XIV 

The Eject of PABA Plus KCN on the Oxygen Consumption of Non-Infected attd Typhus- 

Infected Fertile Eggs 

I Oxygen consumption per egg per hr. 


A^e 

Non-infectcd | 

Typhus-infected 

em- 

VT 1 


1 


Ty- 




bryos 

Non- 

infected 

KCN 

VK&k 

PABA plus 
KCN 

pbus-in- 
fee ted 

KCN 

PABA 

PABA plus 
KCN 


control 




control 




days 

ee. 

ec. 

cc» 

cc. 

cc. 

CC. 

CC. 

CC. 

6 

1.35 

1.47 

1.48 

1.17 

1.18 

1.47 

1.37 • 

1.62 






Eggs inoculated with typhus rickettsiae 

7 

1.64 

1.42 

1.74 

1.81 

1.51 

1.58 



8.9 


KCN in- 

PABA in- 

PABA 


KCN in- 

PABAin- 

PABA 



jected 

jected 

plus 


jected 

- jected 

plus 





KCN 




KCN 





in- 




in- 





jected 




jected 

9 

2.13 

1.73 

2.70 

2.63 

2.11 

1.95 

2.25 

1.84 

11 

4.79 

3.92 

5.60 

5.42 

5.28 

4.10 

4.75 

5.09 

12 

7.33 

6.08 

6.98 

7.01 

5.57 

4.53 

6.99 

6.77 


8.91 

7.89 

12.36 

11.13 

6.50 

3.72 

12.71 

11.15 

14 

11.92 

10.78 

17.00 

15.11 

7.63 

2.17 

22.14 

19.32 

15 

14.32 

12.28 

16.71 

15.45 

1.89 

— 

17.22 

16.42 

16 

16.9 

14.58 

16.01 

16.12 

— 

— 

17.87 

17.74 

18 

18.94| 17.99 

17.69 

17.06 

— 

- 

18.11 

18.37 


stimulating effect of PABA again predominated, but the respiratory rate was 
again significantly lower than that of the infected eggs receiving PABA alone. 

Effect of Folic Acid 

In view of the fact that PABA forms a part of the folic acid molecule, it was 
decided to test folic acid for a possible effect on rickettsial growth and on 
cellular respiration in infected and uninfected eggs. 

Single injections of 21 mg. of folic acid, an amount corresponding approx- 
imately to tlie optimum dosage of PABA (6.6 mg.), caused a mortality of 80 
per cent in the embryos. Injections of half of this amount, however, were well 
tolerated, and were given on the 2nd, 4th, and 6th days after injecting with 
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rickettsiae. In other experiments, the eggs received 5 mg. of folic acid daily for 
■ 9 days, and in still other e.xperiments 1 mg. and 0.1 mg. daily for 9 days. In 
none of these experiments did folic acid show any evidence of rickettsiostatic 
action, or cause any significant increase in oxygen consumption in the unin- 
fected eggs. In one experiment, the larger doses of folic acid appeared to lower 
oxygen consumption slightly but significantly in the uninfected eggs. 

SUADLYRY AND CONCLUSIONS 

A technique is described for measuring the oxygen uptake of embryonate 
eggs. Statistical analysis has shown that the method is reliable and accurate. 
Determinations were made on groups of 15 to 20 eggs, in order to average out 
individual biological variations. Reduction of the CO 2 tension and relative 
humidity to approximately zero previous to analysis has been found to be 
desirable. The oxygen consumption of normal and typhus-infected eggs, un- 
treated and treated with agents previously found to inhibit or enhance 
rickettsial growtli has been studied. 

Rickettsial infection caused a slight but significant increase in the rate of 
oxygen consumption on the 4th day after inoculation, followed by a rapid drop 
in the rate as the infection developed. The evidence suggests that low con- 
centrations of rickettsial toxins may stimulate respiration, while higher con- 
centrations depress respiration and lead eventually to embryonic death. 

PABA, which is rickettsiostatic, markedly increased the oxygen uptake of 
normal eggs, the effect appearing 4 days after injection and lasting for about 4 
days. Thereafter, the rate fell below that of the untreated eggs. In typhus- 
infected eggs, PABA had similar effects, but the oxygen consumption reached 
much higher levels. A possible explanation of this fact is suggested. MABA 
and OABA, whicli are not rickettsiostatic, did not increase oxygen uptake; in 
fact they depressed cellular respiration moderately, OABA being more active 
in this way than MABA. These two compounds may compete with PABA for 
a position in some respiratory enzyme system. 

Potassium cyanide, which enhances rickettsial growth, caused, in concentra- 
tions not lethal to the embryos, a moderate drop in the oxygen consumption of 
normal eggs, the effect starting almost immediately after injection and lasting 
usually for 9 days. In infected eggs, its effect was more striking. It 
is probable that rickettsial toxins and KCN act synergistically to depress 
cellular respiration. 

Wlien PABA and KCN were injected simultaneously, the stimulating effect 
of PABA on respiration predominated. The resulting level of oxygen con- 
sumption, though lower than that resulting from PAB.4. alone, was still high 
enough to inhibit rickettsial growth. 

As far as our results go, they support the hypothesis that, within certain 
limits, rickettsial growth is inversely proportional to the respiratory rate of the 
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host cells, regardless of the factors which determine that rate. It is not yet 
clear that PABA owes its rickettsiostatic action to its ability to increase cellular 
respiration, but this assumption seems reasonable as a working hypothesis. 
The respiratory mechanism in which PABA participates is not as yet known. 

Although PABA forms part of the folic acid molecule, folic acid itself, in 
concentrations corresponding to effective doses of PABA, did not increase 
cellular respiration or show rickettsiostatic action. 

We wish to acknowledge the technical assistance of Mr. Richard Hensley and Mr. 
Robert DeWitt. We are also indebted to the C. V. Mosby Co. for continued financial 
assistance. 
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STUDIES ON A PROTEOLYTIC ENZYME IN HUMAN PLASMA 

I. The Probable Identity of the Enzymes Activated by 
Chloroform and by Filtrates of Cultures of Beta 
Hemolytic Streptococci* 

Bv OSCAR D. RATNOFF, M.D. 

{Prom the Department of Medicine, The Johns Hopkins University School of 
Medicine, Baltimore) 

(Received for publication, November 14, 1947) 

In recent years, interest has been revived in the fibrinolytic properties of 
human plasma. The rapid lysis of clotted blood has been described in patients 
with liver disease (1), toxemia of pregnancy (2), shock (3), after typhoid vac- 
cine therapy (4), and pre- and postoperatively (5, 6). The mechanism of 
fibrinolysis is obscure. Presumably the clot is digested by proteolytic enzymes 
present in the blood. Any understanding of the problem of clot lysis, therefore, 
requires an understanding of the proteolytic properties of human plasma. The 
current study is an investigation of the proteolytic properties of blood, in an 
attempt to elucidate the mechanism of fibrinolysis. 

The proteolytic properties of blood were first noted in 1893 by Dastre (7), 
who described the digestion of a fibrin clot when it stood in senun for 18 hours. 
Shortly thereafter, Hedin (8) observed that the blood’s proteolytic properties 
were contained in the euglobulin fraction of plasma which was precipitated 
with dilute acetic acid. At the same time, Delezenne and Pozerski (9) ob- 
served that the addition of chloroform to serum activated a proteolytic enzyme. 
This chloroform-activated proteolytic property of blood was shown by Tagnon 
(10) to reside in the acid-insoluble euglobulin fraction, as in the case of the 
enzymatic activity which was present spontaneously. 

Tillett and Gamer (11), in 1933 observed that bacteria-free filtrates of cul- 
tures of beta hemolytic streptococci contained a water-soluble substance which 
could not be dialyzed through a semipermeable membrane and which caused 
rapid lysis of plasma or fibrin clots. This remarkable property was shown by 
Milstone (12) to depend upon the presence of some substance which he called 
“lytic factor” in the acid-insoluble euglobulin of plasma. Kaplan (13) and 
Christensen and MacLeod (14, 15) demonstrated that the same fraction of 
plasma contained lytic factor and the chloroform-activated proteolytic enz3me. 
Their studies offered strong evidence that the fibrinolytic properties of strep- 
tococcal filtrates were due to the activation of a plasma proteolytic enzyme, 

• ^is work was supported by a grant from the U. S. Navy Office of Research and In- 
ventions. 
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and that the enzyme so activated was identical with that activated by chlor- 
oform. 

The present study introduces the use of new quantitative methods for the 
determination of plasma proteolytic activity, employing the nephelometric 
estimation of the protein concentration of the enzyme-substrate mixture, as 
suggested by Grob (16). Using this new method, it has been possible to con- 
firm the probable identity of the plasma proteolytic enzyme activated by chloro- 
form and by filtrates of beta hemolytic streptococci. In the accompanying 
paper (17) new data will be presented which seem to indicate hitherto unde- 
scribed kinetic mechanisms in the activation of plasma proteolytic enzyme. 

Methods 

N omcnclalurc (15, IS, 19 ). — ^Thc proteolytic enzyme of plasma or serum has been called 
plasma (or serum) protease, tryptase, trypsin, fibrinolysin, plasmin, or proteinase. In an 
effort to prevent confusion, the term plasma proteolytic enzyme will be used throughout. 
The precursor of this enzyme has been termed plasminogen, tryptogen, or profibrinolysin, 
but here the term plasma proteolytic enzyme precursor will be used. The enzyme when 
activated by chloroform will be distinguished as chloroform-activated enzyme. The fi- 
brinolytic principle of cultures of beta hemolytic streptococci was originally called fibrinolj'sin, 
and more recently streptokinase. One could speak of the active principle as streptococcal 
plasma proteolytic enzyme activator. Since this term is cumbersome, we shall use the original 
name, fibrinolysin, and the enzyme activated by filtrates of cultures of hemolytic streptococci 
will be termed fibrinolysin-activated enzyme. In this and the paper to follow the term en- 
zyme will be used to mean the crude enzyme preparation used, but does not imply a purified 
product or even a single substance. 

Venous blood was collected under sterile conditions from tire antecubital vein of human 
subjects and transferred immediately to a 50 cc. centrifuge tube containing 0.2 cc. of an 
oxalate solution for each 5 cc. of blood drawn. The oxalate solution was a mixture of 1.2 gra. 
of ammonium oxalate and 0.8 gm. of potassium oxalate dissolved in 100 cc. of water (20). 
The plasma was immediately separated by centrifugation. 

Preparation of Enzyme . — The spontaneous proteolytic activity of plasma was observed 
by Hedin to be due to the presence of some substance in the euglobulin fraction precipitated 
by dilute acetic acid. Tagnon (10)- reported that the same fraction contained the proteolytic 
enzyme activated by chloroform; and Milstone (12) demonstrated that a similar fraction 
was necessary for the fibrinolytic action of streptococcal filtrates. 

In most of the experiments described in this report, a euglobulin fraction was separated 
in the following manner. Plasma was added to distilled water in the ratio of 1 cc. of plasma 
to 19 cc. of water, and the solution was acidified with 1 per cent acetic acid to the pH desired, 
usually 5.2, as measured with a Beckman laboratory model G pH meter. The resultant 
precipitate was separated by centrifugation and dissolved in 0.85 per cent sodium chloride 
solution buffered by ii/20 potassium phosphate at pH 7.35 (buffer) usually in one-fourtli 
the original plasma volume. This globulin solution was then activated either by chloroform 
or by hemolytic streptococcal filtrates. 

(a) Chloroform- Activated-Enzyme: The optimal preparation of chloroform-activated 
enzyme required meticulous attention to a number of factors. In most e,xperiments, chloro- 
form was added to the globulin solution, and the tube stoppered with a rubber stopper and 
placed in a water bath at 25°C. for 17 hours. Immediately upon addition of chloroform a 
heavy white precipitate formed in the globulin solution, usually followed sometime witliin 
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sn hour by sl gray gelatinous clot. This dissolved in about 8 hours, leaving a white granular 
precipitate. After 17 hours the contents of the tube were transferred to a graduated centri- 
fuge tube and diluted with the buffered saline solution to a suitable volume, usually 10.0 cc. 
The mixture was then centrifuged for 10 minutes at 2000 R.p.ii. in an angle centrifuge (rim 
diameter = 10 inches). The grayish supernatant solution contained chloroform-activated 
enzyme. 

[b) Fibriiwlysin-Aclhated Enzyme: Fibrinolysin, the plasma proteolytic enzyme activator 
in streptococcal filtrates, was prepared from the CO strain of group A, or the H46A strain 
of group C beta hemolytic streptococcus.^ Trypticase soy media, Baltimore Biological 
Laboratories (a tryptic digest of casein, 17 gm., papaic digest of fat-free soy meal, 3 gm., 
sodium chloride, 5 gm., dipotassium phosphate, 2.5 gm., and dextrose, 2 gm. per liter of 
media), were inoculated with 1 cc. of an 8 hour broth culture of streptococci for each 100 cc. 
of media. After 14 hours, 1 N sodium hydroxide was added to the culture at intervals to 
keep the pH between 7.0 and 7.8 (14). After 24 hours the culture, now profuse, was cen- 
trifuged and the supernatant fluid filtered through a Seitz filter. The filtrate, containing 
streptococcal fibrinolysin in crude form, was used as a source of this material in the experi- 
ments described below. However, all experiments were confirmed with a more purified 
preparation made by dialyzing the broth filtrate in a cellophane casing against frequent 
changes of distilled water at 4°C. over a period of 3 days, and then concentrating the dialysate 
by evaporation in the casing to a volume one-fifth of the original. 

Fibronolysin-activated enzyme was prepared by the addition of suitable amounts of 
fibrinolysin-containing filtrates of streptococcal cultures to the buffered globulin solution. 

Preparation of Substrate. — In most experiments, the substrate used was an aqueous solution 
of casein (vitamin-test, Smaco), in a concentration of 0.3 per cent. The casein was dissolved 
in sufficient 1 s sodium hydroxide to produce a final concentration of 0.004 or 0.006 n, by 
frequent stirring and gentle heating, never above S6°C. A few drops of toluol were added as 
a bacteriostatic agent, and the casein solution stored at 4°C. 

Measurement of Proteolysis. — Proteolytic activity was measured by adding the solution 
of substrate to an equal volume of activated enzyme and incubating the mixture in a water 
hath at 37°C. This temperature was shown by Christensen and MacLeod (15) to be optimal 
for digestion of casein and gelatin by plasma proteolytic enzyme. In experiments lasting 
over 3 hours, a few drops of toluol were added as a bacteriostatic agent. The progress of 
digestion was observed by removing 1 cc. aliquots at suitable intervals and measuring the 
precipitable protein nephelometrically. This was done with a Coleman, Jr., spectrophotom- 
eter at a wave length of 420 mp, using cuvettes with an internal diameter of 10 mm. To 
each 1 cc. aliquot, 2 cc. of 12.5 per cent hydrochloric acid was added rapidly, followed by 
0.5 cc. of 20 per cent sulfosalicylic acid. To insure uniform turbidity, it was necessary to 
add the acids as rapidly as possible. Maximal turbidity developed in about 5 minutes. At 
420 mp, the degree of turbidity obeys the Lambert-Beer law to an optical density of approxi- 
mately 0.650, and concentrations of enzyme and substrate which exceeded this density were 
avoided. Unless globulin was present, the turbidity decreased rapidly upon addition of 
sulfosalicylic acid due to the formation of large aggregates. This made it difficult to estimate 
tlic concentration of protein quantitatively in the absence of globulin. For the same reason, 
high concentrations of casein could not be used. The amount of substrate digested was 
calculated by subUacUng the final from the initial optical density of the precipitated protein 
soluUons, .and converting the diftcrcnce in optical density to milligrams of casein. With 
tlic instrument and cuvettes used, a solution of casein containing 0.100 mg. per cc. had an 

• 'Ihesc strains were furnished through the courtesy of Dr. Eleanor Bliss and Dr. L. M 
Christensen respectively. 
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optical density of 0.225. The conversion of differences in optical density to milligrams of 
casein assumes that none of the globulin is digested during the course of the experiment. 
Actually in repeated experiments, this was substantially true. At most, the digestion of 
the activated globulin mixture used accounted for an equivalent of 0.03 to 0.04 mg. of casein. 

EXPERIMENTAL 

1. The Point of Maximal Precipitation of Chloroform-Activated and Fibrinoly- 
sin-Aciivalcd Plasma Proteolytic Enzyme. — The point of ma.\imal precipitation 
of the euglobulin containing the precursor of plasma proteolytic enzyme has 
not been clearly defined. Tagnon (10) reported that the chloroform-activated 
proteolytic activity of plasma was present in the euglobulin fraction precipitated 
by dilute acetic acid at pH 6.0. The euglobulin which Milstone (12) found 
necessary for the action of fibrinolysin was precipitated by acidifying serum 
diluted to 20 times its volume in distilled water with 0.32 volumes of acetic 
acid. This procedure, however, may result in a different pH with each serum. 
Thus, when 0.5 cc. of 1 per cent acetic acid was added to 2 cc. of plasma diluted 
with 38 cc. of water, the pH of the resultant mixture varied, in eight e.\peri- 
ments, from 5.0 to 5.7. Kaplan (13) and Christensen and MacLeod (14, 15) 
demonstrated the probable identity of the fractions containing the enzymes 
activated by chloroform and by fibrinolysin. The following data show that 
the globulin containing tlie precursors of chloroform-activated and fibrinolysin- 
activated enzymes is precipitable from dilute solution ma.\-imally at pH 5.2 
rather tlian at pH 6.0. 

In a typical experiment, 2 cc. of plasma was added to each of 8 tubes contxiining 38 cc. 
of distilled water. Varying quantities of 1 per cent acetic add were added to each tube so 
tliat the pH of the mixture ranged from 6.20 to 4.80. Each tube was then treated in the 
following manner: The resultant predpitate was separated by centrifugation, the supernatant 
fluid discarded, and the predpitate dissolved in 1,0 cc. of buffer. Half a cc. of chloroform 
was then added to each tube, and the mixture incubated at 25“C. for 17 hours. The contents 
of each tube were tlien diluted with buffer to a volume of 5 cc. An equal volume of 0.3 per 
cent casein solution in 0.004 N sodium hydroxide was added, and the mixture incubated at 
37°C. for 2 hours. Similarly the globulins predpitated at hydrogen ion concentrations 
between pH 6.3 and 4.8 were dissolved in 1 cc, of fibrinolysin-containing streptococcal filtrate, 
and then diluted to IS cc. with buffer. Five cc. of 0.3 per cent casein was added to a S cc. 
aliquot and the amount of casein digested during 1 hour at 37°C. determined. 

As can be seen in Fig. 1, ma.\'imal proteolytic activity was present in the 
globulin precipitated at pH 5.2, whether the enzyme was activated by the 
fibrinolysin in streptococcal filtrates, or by chloroform. That is, the precursor 
of the enzyme which was activated by chloroform could not be distinguished 
from that xvhich was activated by streptococcal fibrinolysin by the use of this 
technique. Repeated e.\periments showed that trypticase soy media itself and 
the streptococcal fibrinolysin in the absence of plasma globulin had no proteo- 
lytic activity. Furthermore, the casein solution alone did not hydrolyze meas- 
urably when incubated for 24 hours at 37°C. 
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As one might predict from the variation in the buffering capacity of plasma 
from person to person, the volume of acetic acid which must be added to diluted 
plasma to bring the solution to pH 5.2 must be determined separately for each 
sample. 

2. The Optimal pH for the Digestion of Casein by Chloroform- Activated and 
Fibrinolysin-Activaled Plasma Proteolytic Enzyme. — ^The proteolytic enzyme of 
plasma is most efficient at the hydrogen ion concentrations likely to be found 
in blood. Schmitz (21) reported that spontaneously activated plasma proteo- 



,H OF precipitation of globulin 

Fic. 1. The point of maximal precipitation of the plasma euglobuUn fraction containing 
proteolytic enzyme precursor as determined by the pH of maximal precipitation. See text. 


lytic enzyme digested fibrin most completely when the hydrogen ion concentra- 
tion of the mi.\ture ranged between pH 7.0 and 8.0. Christensen and MacLeod 
(15) observed that the proteolytic enzyme of blood activated either by chloro- 
form or by streptococcal fibrinolysin digested gelatin optimally at hydrogen 
ion concentrations between pH 7.2 and 7.6. The following experiments in 
which casein was used as a substrate, corroborate these reports. 

In a typical experiment, the cuglobulin precipitated at pH 5.2 from 2 cc. of pooled plasma 
was dissolved in 1 cc. of buffer. Half a cc. of chloroform was added and the mixture was 
incubated for 17 hours at 25°C. The contenU of two such tubes were then combined and 
diluted with buffer to 12 cc. The chloroform and precipitate were then removed by cen- 
trifugation. One cc. of the supernaUnt fluid was placed in each of 1 1 tubes which contained 
4 cc. of m/ 20 potassium phosphate buffered to various hydrogen ion concentrations between 
pll 3.3 and 9.7. To each tube was then added an equal volume of 0.3 percent casern solution 
in 0 tXR) N sodium hydroxide. The mixture was then meubated at 37°C. The pH of the 
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enzyme-substrate mixture was dctermineil with a Beckman pH meter approximately 15 
minutes after the mixture was made. 

Fibrinolysin-activated enzyme was prejiarcd by dissolving the euglobulin prccipiLite 
from 4 cc. of plasma in 2 cc. of streptococcal fibrinolysin, and diluting the solution to 12 cc. 
with 0.85 per cent sodium chloride buffered at pH 7.35 with potassium phosphate. One cc. 
was then placed in each of 11 tubes containing 4 cc. of the potassium phosphate buffers. 
An equal volume of casein was added, the mixture incubated at 37°C., and the pH of the 
enzyme-substrate mixture measured after 15 minutes. 



Fig. 2. The optimal pH of the enzyme-substrate mixture for the digestion of casein by 
plasma proteolytic enzyme, activated by fibrinolysin and by chloroform. See text. 

These experiments demonstrated that a crude preparation of plasma proteo- 
lytic enzyme, whether activated by chloroform or by streptococcal fibrinolysin 
digested casein maximally at hydrogen ion concentrations between pH 7.0 and 
8.0 (Fig. 2). In all subsequent experiments, therefore, the pH of the enzyme- 
substrate mixture was kept within these limits. The hydrogen ion concentra- 
tion of a mixture of an equal volume of casein in 0.004 n or 0.006 N sodium 
hydroxide and globulin dissolved in pH 7.35 buffer ivas uniformly between pH 
7.5 and 8.0. 

3. The Action of Fibrinolysin-Aclivaled and Chloroform-Activated Plasma 
Proteolytic Enzyme against Various Substrates. — The spontaneously active pro- 
teolytic enzyme in plasma was first observed as a result of its ability to digest 
a fibrin clot (9). This enzyme has also been said to digest casein and gelatin 
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but not egg albumin (8). When plasma proteolytic enzyme is activated by 
chloroform, the same substrates are said to be digested (9) and in addition, 
fibrinogen (22) and hemoglobin (13). Kaplan (13) and Christensen (14) 
pointed out that the proteolytic enzyme of plasma activated by streptococcal 
fibrinolysin digested the same substrates. As shown in Table I, the enzyme 
activated by either method attacked casein and crystalline zinc insulin. With 
the nephelometric methods used, bovine albumin (fraction V of Cohn), pump- 
kin seed globulin, egg albumin, lactalbumin, and edestin were not digested by 
the enzyme activated by either method. 

TABLE I 


The Digestion of Various Substrates by Plasma Proteolytic Enzyme 


Substrate 

CottcentratioQ of sub- 
strate io enzyme- 
substrate mixture 

1 

Amount of substrate digested 
per cc. of enzyme-substrate 
mixture in 1 hr. 

Fibrinolysin- 

activated 

enzyme 

Chlorofonn- 

activated 

enzyme 


l.Smg./cc. 

40 units/cc. 

1.25 mg./cc. 

1.0 rng./cc. 

2.5 mg./cc. 

0.25 mg./cc. 
0.25 mg./cc. 

0.85 mg. 

1 . 6 units 

0 

0.26 mg. 
0.7 units 

0 

0 



Pumpkin seed globulin 

0 


0 

0 


0 

0 

0 

Edestin 

0 



No significant difference, then, was noted between the behavior of plasma 
proteolytic enzyme preparations, activated by chloroform and those activated 
by streptococcal fibrinolysin, towards various substrates. Repeated e.vperi- 
ments, however, showed that the enzyme activated by fibrinolysin was uni- 
formly more active than that activated by chloroform. 

4. The Effect of Adding Streptococcal Fibrinolysin to Chloroform-Activated 
Plasma Proteolytic Enzy7ne. — ^The hypothesis that the chloroform-activated and 
librinolysin-activated plasma proteolytic enzymes are identical assumes that 
the precursors of the two enzymes are identical. Therefore, total activation 
by either method should remove ail the available precursor. E-xperiments of 
C hristensen (23) showed that this was probably true. The following experi- 
ments were designed further to test this hypothesis. 

In n typical experiment, globulin was prepared from A cc. of plasma. The fibrinolysin- 
aclivalcd proteolytic activity was determined on c-xactly one-third of this globulin solution 
by a.Ulms O.l or 0.2 cc. of streptococcal fibrinolysin, amounts much less than necessary to 
activ.ite .all the precursor present. The remaining globulin uas treated with chloroform for 
1 / hours in the usual manner. At the end of that time, the enzymatic activity was deter- 
miiie.1 on exactly half the specimen. To the other half, fibrinolysin was added in the same 
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TiVBLE II 


Digcslion of Casein by Fibrinolysin-Activated Enzyme, Chlorojorm-Activalci Enzyme, and 
Enzyme A etivated by Chloroform and Fibrinolysin in Succession 


Preparation 

Enzyme 
activated by 
fibrinolysin (A) 

Enzyme activated 
by chloroform (B) 

Calculated 
sum of 

A and B 

Enzyme activated by 
chloroform followed 
by fibrinolysin 

■ 1 


mf./cc.* 

mf./cc.* 

ms./ec/ 

11-21-46 


0.37 

mBm 


11-25-46 


0.23 

mmm 


1- 4-47 

0.59 

0.26 


0.89 

1- 8-47 

0.74 

0.09 

0.83 

0.89 

2- 7-47 

0.-14 

0.17 

' 0.61 

0.75 

2-11-17 

0.37 

0.30 

' 0.67 

0.70 

2-13-47 

O.Il 

0.20 

0.33 

0.43 


* Milligrams of casein digested per cubic centimeter of enzyme-substrate mbeture. 


a 

CO 

3 


u 
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l.0_ 
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0 . 6 _ 


0.4_ 


0 . 2 _ 


s 0_ 


C+F 
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0.1 CC. FIBRINOLYSIN 1-0 CC. FIBRINOLYSIN 

Fig. 3. The activation of plasma proteolytic enzyme by chloroform, by streptococcal 
fibrinolysin, and by combinations of the two. This graph illustrates the proteolytic activity 
resulting from treatment of a globulin preparation witli cliloroform (C) and witli fibrinolysin 
(F). This is compared with tlie enzymatic activity of the globulin preparation treated 
successively with the same amounts of diloroform and fibrinolysin (C -f~ F). With sm.all 
amounts of fibrinolysin, the enzymatic activity evoked by the combination was roughly tlie 
sum of the activities of the globulin treated with chloroform or fibrinolysin alone. Witli 
large amounts of fibrinolysin the activity evoked by chloroform followed by fibrinolysin was 
less than that evoked by fibrinolysin alone. 


concentrations as before, and the resultant activity measured. The concentration of globulin 
was the same in all preparations in the final enzyme-substrate mixture. 
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These experiments demonstrated that the enzymatic activities induced by 
chloroform and by small amounts of fibrinolysin were approximately additive 
(Table II). In most preparations the activity resulting from successive treat- 
ment with the two agents was actually a little greater than the sum of the 
separate enzymatic activities. This may be because treatment of globulin 
with chloroform retards the deterioration of fibrinolysin-activated enzyme, 
promotes increased activation of enzyme by streptococcal fibrinolysm, or both. 
These possibilities are discussed in the accompanying paper (17). 

Christensen (14) observed that the addition of concentrated fibrinolysin to 
chloroform-activated plasma proteolytic enzyme resulted in proteolytic activity 
less than that produced by fibrinolysin alone. Similarly in the experiments 
reported here, when fibrinolysin alone was used in quantities suEhcient to acti- 
vate all available plasma proteolytic enzyme, more casein was digested than 
was the case when the same amount of fibrinolysin was added to the same 
amount of globulin, previously activated by chloroform. That is, the 
enzymatic activities evoked by chloroform and fibrinolysin were no longer 
additive. 

The results of such an experiment are represented graphically in Fig. 3. 
The proteolytic activity induced by chloroform followed by a small amount of 
fibrinolysin was somewhat greater than the sum of the activities of a prepara- 
tion activated by chloroform and another activated by the same amount of 
fibrinolysin. The enzymatic activity induced by chloroform followed by a 
large amount of fibrinolysin, on the other hand, was actually less than that 
produced by the same amount of fibrinolysin alone. A possible e.xplanation 
of this finding will be discussed below, 

DISCUSSION 

The data presented support the view that the plasma proteolytic enzymes 
activated by streptococcal fibrinolysin and by chloroform are identical. This 
conclusion is suggested by experiments which show that the precursor of the 
enzyme activated in either manner is present in the same acid-insoluble euglob- 
ulin; that the enz3Tne activated in either manner digests casein optimally at 
hydrogen ion concentrations between pH 7.0 and 8.0; that the same substrates 
are digested; and that the enzyme can be activated successively by both agents, 
but only until the available precursor is exhausted. 

A crude separation of the enzyme was made by acid precipitation. The 
precursor of plasma proteolytic enzyme was present in the euglobulin fraction 
precipitated at pH 5.2. This fraction is, of course, a mixture of many sub- 
stances, and includes such proteins as fibrinogen and prothrombin, as well as 
the precursor of plasma proteolytic en^me. 

The optimal hydrogen ion concentration for the digestion of casein by plasma 
proteolytic enzyme is between pH 7.0 and 8.0. This hydrogen ion concentra- 
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tion appro.xiraates that previously described by Schmitz (21) and Christensen 
and MacLeod (15) for the digestion of fibrin and gelatin. Trypsin similarly 
acts optimally at an appro.vimately neutral pH. Earlier workers .described 
the plasma proteolytic enzyme as “plasma trypsin,” but the e.xperiraents of 
Kaplan (24) and Christensen and MacLeod (15) clearly demonstrate that the 
plasma proteolytic enzyme and trypsin are not identical. 

The substrates digested by plasma proteolytic enzyme include fibrinogen, 
fibrin, gelatin, hemoglobin, casein, and crystalline zinc insulin. Prothrombin 
too is apparently destroyed by plasma proteolytic enzyme, though the evidence 
for this is inferential (22). No difference was observed in the substrates at- 
tacked by the enzyme activated in either manner. 

When small amounts of streptococcal fibrinolysin were added to plasma 
proteolytic enzyme already activated by chloroform, the preparation increased 
in activity. The increase in activity was appro.ximately equal to the proteolytic 
activity induced by fibrinolysin acting alone on the same euglobulin prepara- 
tion. That is, the activities induced by chloroform and by small amounts of 
fibrinolysin were additive. When fibrinolysin was used in concentrations suffi- 
cient to activate plasma proteolytic enzyme ma.\'imally, the proteolytic activ- 
ities of chloroform-activated and fibrinolysin-activated enzymes were no longer 
additive. In fact, the addition of such an amount of fibrinolysin to chloroform- 
activated enzyme actually resulted in less activity than that produced by the 
same amount of fibrinolysin alone. These e.Kperiments imply that the pre- 
cursors of fibrinolysin-activated and chloroform-activated enzymes are identical 
or, less likely, that some substance in plasma is necessary for tlie activation of 
each. The precursor may be activated by chloroform, but during the period 
of observation all the precursor cannot be so activated. The remaining pre- 
cursor may be activated by streptococcal fibrinolysin. Therefore, ma.vimal 
amounts of fibrinolysin added to globulin solution previously activated by 
chloroform cannot activate more precursor than can be activated by the same 
amount of fibrinolysin alone. 

In the e.\'periments described, large amounts of fibrinolysin added to chloro- 
form-activated enzyme actually evoked less enzymatic activity than that 
evoked by the same amount of fibrinolysin alone. This may be because chloro- 
form may not only activate precursor, but also denature some of the precursor 
or enz3nne as well (23). Another mechanism, however, is possible. Perhaps 
some of the chloroform-activated enzyme had already deteriorated by the time 
fibrinolysin was added. Once deteriorated, the enzyme may be incapable of 
reactivation by fibrinolysin. Ex'periments with fibrinolysin-activated enzyme 
lend force to tliis suggestion. In the accompanying paper, it will be shown that 
fresh fibrinolysin did not reactivate fibrinolysin-activated enzyme once this had 
deteriorated (17). 
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StniHARY 

1. The experiments reported suggest that the plasma proteolytic enzyme 
activated by streptococcal fibrmolysin is identical with that activated by chloro- 
form. 

2. The precursor of this plasma proteolytic enzyme is precipitated with the 
euglobulin fraction of plasma at pH 5.2. 
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Mammalian plasma contains a proteolytic enzyme in inactive form. Early 
studies indicated that in shed blood the enzyme gradually became activated 
spontaneously, and the blood acquired proteolytic properties (1, 2), When the 
plasma was treated with a variety of substances, including chloroform or other 
organic solvents (3) its proteolytic activity was greatly increased, although the 
activation proceeded slowly. Filtrates of cultures of beta hemolytic strepto- 
cocci also increased the proteolytic activity of plasma (4), apparently by acti- 
vating the same proteolytic enzyme as chloroform (2, 5, 6). Activation of 
plasma proteolytic enzyme with streptococcal fibrinolysin, however, is dramatic 
and sudden, suggesting that the mechanism of action of chloroform and strep- 
tococcal fibrmolysin differ. 

In order to delineate the conditions necessary for the quantitative determina- 
tion of plasma proteolytic enzyme, a study has been made of the activation of 
the enzyme by chloroform and by streptococca'l filtrates. This study indicates 
that activation of plasma proteolytic enzyme by chloroform is incomplete and 
slow, requiring at least 16 hours for the development of ma-Yunal activity. On 
the other hand, activation with maximal amounts of streptococcal fibrinolysin 
occurs almost instantly. 

Earlier reports (5, 7) suggested that the activation of plasma proteolytic 
enzyme by streptococcal fibrinolysin is a catalytic process. Data will be pre- 
sented in this paper which indicate that in the presence of some substance 
altered by chloroform or heat, the activation of plasma proteolytic enzyme by 
streptococcal fibrinolysin behaved as if it involved a stoichiometric reaction. 
Streptococcal fibrinolysin seemed to react in molecular proportions with a sub- 
stance in plasma euglobulin which limited the activation of plasma proteolytic 
enzyme. These data reopen the question as to the mode of activation of plasma 
proteolytic enzyme by streptococcal fibrinolysin. 

The quantitative estimation of enzymatic activity requires a knowledge of 
the influence of changes in concentration of enzyme and substrate upon the 
course of digestion. Earlier studies (8) indicated that the digestion of gelatin 

‘This work was supported by a ^rant from the United States Navy Ofnee of Research 
and Inventions. 
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by plasma proteolytic enzyme was proportional to the square root of the con- 
centration of enzyme, and to the square root of the duration of digestion. That 
is, plasma proteolytic enzyme was said to obey Schiitz’s law. 

The rate of digestion by plasma proteolytic enzyme has been reinvestigated. 
These studies suggest that like other hydrolytic enzymes, plasma proteolytic 
enzyme digests casein in direct proportion to the concentration of the enzyme 
and to time, at least during the early course of digestion. Furthermore, it has 
been shown that the plasma proteolytic enzyme preparation, when activated 
by filtrates of cultures of beta hemolytic streptococci, deteriorates after incuba- 
tion for approximately 1 hour; but the same enzyme activated by chloroform 
does not deteriorate for several hours. These studies indicate that chloroform 
may remove some substance from plasma which permits plasma proteolytic 
enzyme to deteriorate. 


Methods 

The nomenclature and all the methods employed in the following e-tperiments have been 
described in the preceeding paper (6). 

EXPERIMENTAL 

I. The Kinetics of Activation of a Plasma Proteolytic Enzyme by Chloroform 

1. The Optimal Duration and Temperature of Incubation of Plasma Globulin 
and Chloroform in the Activation of Plasma Proteolytic Enzyme. — The quantita- 
tive determination of the amount of chloroform-activated plasma proteolytic 
enzyme requires a knowledge of the optimal duration of incubation of the 
chloroform-globulin mixture, and the optimal temperature of this activation. 
When chloroform is added to whole plasma, tlie proteolytic activity of the mix- 
ture slowly increases, reaches a maximum in 7 to 10 days, and then decreases 
(3,9). The following e.xperiments indicate that the peak of proteolytic activity 
is reached in a much shorter time if the precursor of plasma proteolytic enzyme 
is first separated from the rest of the plasma by precipitation witli the euglobulin 
fraction at pH 5.2. 

In order to determine the optimal time of activation of plasma proteolytic 
enzyme with chloroform, equal amounts of chloroform were added to aliquots 
of a solution of plasma euglobulin in buffer, and the resultant mixtures then 
incubated. The course of activation was determined by measuring the pro- 
teolytic activity of aliquots which were incubated for increasingly long periods 
of time. 

In a typical experiment, 20 cc. of plasma was added to 3S0 cc. of distilled water, and 
sufficient 1 per cent acetic acid was added to bring the hydrogen ion concentration to pH 5.2. 
The resultant precipitate was separated by centrifugation and dissolved in 22 cc. of buffer. 
One cc.'pordons of the globulin solution were pipetted into each of 21 large test tubes, and 
half a cc. of chloroform was added to each. The tubes were then stoppered and shaken for 
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10 seconds. Ten tubes were placed in a water bath at 25“C. and 10 in a bath at 37°C. The 
proteolytic activity of the twenty-first mixture was determmed immediately. After ap- 
propriate intervals, the activity of the other mixtures at each temperature was measured. 
To determine proteolytic activity, the contents of each tube were transferred to a graduated 
centrifuge tube and the aqueous phase diluted with buffer to 5 cc. The chloroform and pre- 
cipitate were separated by centrifugation. Two cc. of 0.3 per cent casein in 0.004 n sodium 
hydroxide was then added to a 2 cc. aliquot of chloroform-activated enzyme, and the amount 
of casein digested in 1 hour at 37°C. was determined nephelometrically. 

As can be seen in Fig. 1 short periods of incubation of the chloroform-globulin 
mixture were unsatisfactory, because the amount of proteolytic activity present 



HOURS OF EXPOSURE OP GLOBULIN TO CHLOROFORM 

Fio. 1. The influence of the duration of incubation of chloroform-globulin mixtures on 
plasma proteolytic activity at 25° and 37°C. See text. 

was e.xtremely variable. This may have been due to the formation of a pale 
gray clot which could be broken up only with difficulty. After about 8 hours 
of incubation the clot lysed and thereafter consistent results were obtainable. 
The peak of activity was reached between 16 and 28 hours, after which activity 
declined. 

Incubation of the chloroform-globulin mixture at 25°C. resulted in much 
greater proteolytic activity than incubation at 31°C. No measurable proteo- 
lytic activity was present after incubation of the mixture at 4° or 56°C. for 17 
hours. These experiments indicate that incubation of a mixture of plasma 
euglobulin solution and chloroform for 16 to 28 hours at 25'’C. was the most 
efiectivc of the combinations of lime and temperature tested in the activation 
of plasma proteolytic enzyme. 
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2. The Optimal Values of Bujfer and Chloroform Necessary for the Maximal 
Activation of the Proteolytic Enzyme in 2 cc. of Plasma. — The quantity of buffer 
in which the euglobulin precipitate of plasma was dissolved had a material 
effect upon the proteolytic activity which appeared upon incubation witli 
chloroform. If the globulin precipitate was dissolved in more than 2 cc. of 
buffer before the addition of chloroform, very little active enzyme was found. 
Table I tabulates the results of an e.xperiment designed to demonstrate which 
volume of buffer, used to dissolve the euglobulin precipitate of 2 cc. of plasma, 

TABLE I 


Influence on Proteolytic Activity Evoked by 0.S Cc. of Chloroform of the Volume of Buffer Used 
to Dissolve the Euglobulin Precipitate of 2 Cc. of Plasma 


Volume of huacr 

Eazymatic activity 

CC, 

ms./ce.* 

0.5 


1.0 

0.6S 

2.0 

0.44 


* Milligrams of casein digested per cubic centimeter of enzyme-substrate mixture in 1 hour. 


TABLE n 


Influence on Proteolytic Activity of the Volume of Cldoroform Added to the Euglobulin Precipitate 
of 2 Cc. of Plasma Dissolved in 0.5 Cc. of Buffer 


Volume of chlocofocm 

Enzymatic activity 

CC, 

mg./ce.* 

0.1 

0.43 

0.3 

0.43 

0.5 

0.46 

1.0 

0.42 


* Milligrams of casein digested per cubic centimeter of enzyme-substrate mixture in 1 hour. 


resulted in greatest enz3anatic activity. As can be seen, the ma-ximal proteo- 
lytic activity observed was in the tubes in which the globulin precipitate of 2 
cc. of plasma was dissolved in 0.5 cc. of buffer. This volume was used in most 
experiments, although in some the globulin was dissolved in 1.0 cc. of buffer. 

The volume of chloroform added to the buffered globulin solution was of 
importance, although this was minimized by thorough mixing before incuba- 
tion. In experiments in whicli chloroform and globulin were mixed thoroughly, 
a volume of 0.5 cc. of chloroform evoked the most proteolytic activity when tlie 
globulin was dissolved in a volume of 0.5 cc. or 1.0 cc. (Table 11). In some 
experiments in which mixing was not thorough, a volume of chloroform of 0,.2 
cc. or less induced much less activity than 0.5 cc. Furthermore, repeated 
e.xperiments indicated that a volume of chloroform of 1.0 cc. resulted in less 








OSCAK D. EATNOPI' 


215 


activity than 0.5 cc., perhaps because the larger volume of chloroform denatured 
more of the 

In summary, the proteolytic activity evoked by chloroform was maximal 
under the conditions studied when the euglobulin precipitate of 2 cc. of plasma 
" was dissolved in 0.5 cc. of buffer, mixed thoroughly with 0.5 cc.o f chloroform, 
and incubated for 16 to 28 hours at 25°C. 

II. The Kinetics of Activation of Plasma Proteolytic Enzyme by 
Streptococcal Pibrinolysin 

' 1. The Influence of Increasing Concentrations of Streptococcal Pibrinolysin 
upon the Immediate Proteolytic Activity of Plasma Globulin. — In order to de- 
termine the amount of proteolytic enzyme in plasma which can be activated ' 
by streptococcal fibrinolysin, the effect of increasing concentrations of strep- 
tococcal fibrinolysin upon proteolytic activity was studied. 

In a typical experiment, the euglobulin precipitate of 16 cc. of pooled plasma was dissolved 
in IS cc. of buffer. Varying volumes of fibrinolysin prepared from the H46A strain of beta 
hemolytic streptococcus were then added to 1 cc. aliquots of the globulin solution, and the 
volume in each tube brought to 5 cc. with buffer. One cc. aliquots of these mixtures were 
immediately diluted with 1 cc. of buffer, and 2 cc. of 0.3 per cent casein in 0.006 n sodium 
hydroxide was added. The progress of digestion during 1 hour at ZTC. was measured. 

As may be seen in the upper curve of Fig. 2, the proteolytic activity of the 
globulin solution increased as the concentration of fibrinolysin increased, until 
a maximum was reached. 

2. The Stability of Streptococcal Fibrinolysin-Activated Enzyme. — Christensen 
(5) demonstrated that the plasma proteolytic enzyme activated by small 
amounts of fibrinolysin did not reach the peak of its activity for several hours. 
The experiments to be described suggest, on the contrary, that prolonged incu- 
bation of small amounts of fibrinolysin with a solution of globulin which has 
otherwise been untreated does not increase proteolytic activity. Indeed, the 
activity of globulin activated by fibrinolysin began to decrease within the 2nd 
hour, regardless of the concentration of fibrinolysin. 

In the experiment described in the preceeding section, 1 cc. ah’quots of the globulin-fi- 
hrinol>-sin mixtuics weie incubated for 4 hours at 37°C. before the addition of casein, and 
the proteolytic activity of the mixture was then measured as before. The proteolytic activity 
of another set of 1 cc. portions of the same globulin-fibrinolysin mixtures was then measured 
after incubation for 3i hours at 25°C. 

As can be seen in Fig. 2, the fibrinolysin-induced proteolytic activity of 
globulin had decreased after incubation for 31 hours. The decrease was appar- 
enlly greater at 37 C. than at 25°C., and as marked with lotv as with high con- 
centrations of fibrinolysin. That is, after the proteolytic enzyme in plasma 
euglobulin had been activated by streptococcal fibrinolysin, its activity de- 
creased rapidly. 
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3. The Inlcrrelalion of the Conccnlrations of Streptococcal Fibrinolysin and 
Plasma Globulin, and Plasma Proteolytic Activity. — The activatioa of plasma 
proteolytic enzyme by streptococcal filtrates has been said to be catalytic m 
nature (5, 7). The hyperbolic relationship between fibrinolysin concentration 
and proteolytic activity described above might be explained otherwise, namely, 
that streptococcal filtrates may activate plasma proteolytic enzyme by reaction 
with some substance in plasma in accordance with the law of mass action. If 
this were true, then the amount of proteolytic activity evoked by mixtures of 



RELATIVE FIBRINOLYSIN CONCENTRATION 

Fig. 2. The influence of increasing concentrations of streptococcal fibrinolysin on the 
proteolytic activity of plasma globulin solution, and the effect of incubation on the activated 
emzyme. Proteolytic activity is plotted against the amount of fibrinolysin added to globulin 
solution. The upper curve represents the proteolytic activity immediately after the addition 
of fibrinolysin; and the middle and lower curves, the proteolytic activity after the fibrmolysui- 
globulLn mixtures had been allowed to stand at 25 and 37°C. for 3} and 4 hours respectively. 

streptococcal filtrates and of globulin should depend upon the product of tlieir 
respective concentrations. The following e,\perhnent was designed to test tins 
hypothesis. 

A series of dilutions of streptococcal fibrinolysin was prepared, using buffer as a diluent. 
Similarly, plasma globulin was prepared in two dilutions, using buffer as a diluent. Equal 
volumes of each dilution of streptococcal fibrinolysin and of each dilution of globulin were 
mixed. This resulted in a series of tubes in which the fibrinolysin and globulin concentrations 
varied, but the products of the concentrations of fibrinolysin and globulin coincided at various 
points. To each mixture an equal volume of 0.3 per cent casein was added, and the enzyme- 
substrate mixture was then incubated at 37°C. for 1 hour. 
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The data, from one experiment such as this have been plotted in Fig. 3. The 
ordinate represents the enzymatic activity of each preparation, expressed in 
milligrams of casein digested during the 1 hour period. The abscissa represents 
the product of the concentrations of fibrinolysin and globulin, expressed arbi- 
trarUy. As can be seen, the effect on enz 3 anatic activity of doubling the con- 
centration of fibrinolysin is the same as the effect of doubling the concentration 
of globulin within the limits tested. These results are compatible with a stoi- 
chiometric reaction. 



[FiBmNouvsiN3 X Qslobuun] 


Fig. 3. The relationship between the product of the concentrations of fibrinolysin and 
globulin solutions and plasma proteolytic activity. The concentrations of fibrinolysin and 
globulin were varied independently and the resultant proteolytic activity was plotted against 
the product of the concentrations of fibrinolysin and globulin. See text. 

4. The Effect of Fresh Fibrinolysin on Deteriorated Fibrinolysin-Activated 
Eitajwie.— The experiments just described suggested that when streptococcal 
fibrinolysin activates plasma proteolytic enzyme, the former reacts with some 
substance in euglobulin in molecular proportions. If this is true, then the quan- 
tity of inactive precursor which remains after activation should be inversely 
proportional to the amount of fibrinolysin added originally. The following e.x- 
periments were designed to test this possibility. 

Fibrinolysin uas added in increasing amounU to aUquots of plasma globulin dissolved in 
buffer. Each mature was divided into three parts. The first part was assayed for proteo- 
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lytic activity immediately. The other two parts were allowed to stand in a water bath at 
37°C. for 4 hours. Then the enzymatic activity of one of these aliquots was measured; and 
at tills time, 1 cc. of streptococcal fibrinoiysin was added to each of the tubes of the third 
group, and the resultant enzymatic activity assayed immediately. 

When proteolytic activity was measured immediately, the activity of the 
globulin preparation varied directly with the amount of fibrinoiysin added until 
a maximum was reached (Fig. 4). The larger amounts of fibrinoiysin seemed 
to saturate the substance in globulin with which it reacted. After 4 hours, the 


UJ 

q: 

=> 



Fig. 4. The effect of additional fibrinoiysin on plasma proteolytic enzyme previously 
activated by fibrinoiysin. Varying amounts of fibrinoiysin were added to aliquots of globulin 
solution, and the proteolytic activity measured immediately (curve A). These mixtures 
were allowed to stand at 37°C. After 4 hours the proteolytic activity of an aliquot of each 
mixture was again determined. At the same time, 1 cc. of fibrinoiysin was added to another 
aliquot of each mixture and the resultant proteolytic activity was measured. Curve B 
represents the net proteolytic activity attributable to the addition of fresh fibrinoiysin. 

enzymatic activity of these preparations decreased considerably, particularly ui 
those tubes to which tlie smaller amounts of fibrinoiysin had been added. 
When 1 cc. of fibrinoiysin was added to each tube after tlie 4 hour period, there 
was a great increase in activity in those tubes which originally contained the 
least fibrinoiysin, and no increase in activity in those originally saturated with 
fibrinoiysin. These data, with those described in the preceding section, demon- 
strate that in the activation of plasma proteolytic enzyme, streptococcal 
fibrinoiysin reacts stoichiometrically witli some substance in the globulin prep- 
aration. 

J, The E-^ect oj Heat or Chloroform on the Activation of Plasma Proteolytic 
Enzyme by Streptococcal Fibrinoiysin. — Christensen and MacLeod (5, 7) re- 
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ported that the activation of plasma proteolytic enzyme by streptococcal 
fibrinolysin was catalytic in nature, and in the absence of inhibitory substances 
the kinetics of activation appeared to be that of a first order unimolecular reac- 
tion. A small amount of fibrinolysin was as effective as larger amounts, al- 
•- though the time necessary for complete activation was longer. In the e.xperi- 
ments described in the preceding sections, fibrinolysin appeared to react in 
molecular proportions with some substance in globulin, either enzyme or inhib- 
itor, during the activation of proteolytic enzyme. A small amount of fibrinoly- 
sin activated only a small proportion of the enzyme precursor. The following 
experiments were designed to test whether in the globulin preparation separated 
by isoelectric precipitation inhibitory substances were present which interfered 
with the complete activation of all available precursor. 

Twenty cc. of pooled serum^ was heated to S6°C. for 30 minutes, diluted with 19 volumes 
of water and sufBdent 1 per cent acetic acid to bring the pH to 5.2. The resultant precipitate 
was separated by centrifugation and dissolved in 40 cc. of buffer. Two cc. of globulin solution 
was placed into each of 4 tubes and varying amounts of streptococcal fibrinolysin (previously 
dialyzed against cold distilled water and diluted with equal parts of buffer) were added. 
Suffident buffer was added to each to bring the volume to 14 cc. The globulin-fibrinolysin 
mixtures were then incubated at 37°C. The proteolytic activity of the globulin-fibrinolysin 
mixtures was determined at the onset, and after incubation at 37°C. for 1 and 2| hours by 
incubating 2 cc. aliquots with 2 cc. of 0.3 per cent casein at 37°C. for 1 hour. At the same 
time, the experiment was repeated with the same serum unheated. 

When the globulin precipitated from serum which had been heated to 56°,C. 
for half an hour was mixed with small amounts of streptococcal fibrinolysin, 
the amount of activated enzyme appeared to increase over a period of several 
hours (Fig. 5, A). Furthermore, when sufficient precursor was present, the 
amount of enzyme activated was directly proportional to the concentration of 
streptococcal fibrinolysin added. On the other hand, when streptococcal 
fibrinolysin was added to unheated serum (Fig. 5, B) the activity induced by 
fibrinolysin was maximal at the onset of the experiment and decreased during 
the period of observation. The same results were obtained by mixing plasma 
globulin solution with chloroform for 16 hours and removing the chloroform 
before the addition of streptococcal fibrinolysin. 

These experiments imply either that heat or chloroform may activate directly 
or indirectly plasma proteolytic enzyme or, more likely, that they destroy some 
substance in the globulin preparation which inhibits the activation of enzyme 
by streptococcal fibrinolysin. The significance of these observations will be 
discussed below. 

Ill- The Kinetics of Digestion 'ivitli Plasma Proteolytic Enzyme 

1. The Influence of Substrate Concentration on the Digestion of Casein by 
Plasma Proteolytic Enzyme. — To determine the influence of varying the con- 

of fibri^en ^ instead of plasma since heating plasma to SO'C. results in predpitation 
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centration of substrate upon the amount of substrate digested, chloroform- 
activated enzyme was prepared in the usual manner. 

In a typical cxpcrinient, 4 cc. of cbloroforni-activatcd enzyme, prepared as in other e.xperi- 
nients, was added to 4 cc. of casein dissolved in 0.006 x sodium hydroxide. The casein 
varied in concentration from 0.1 to 0.4 per cent, so that the final concentration of casein in 
the enzyme-substrate mixture was 0.5 to 2.0 mg. per cc. 



RELATIVE FIQRINOLYSIN CONCENTRATION 
8, PROTEOLYTIC ACTIVITY OF GLOBULIN IN UNHEATED SERUM 

Fig. 5. The proteolytic activity induced by streptococcal librinolysin in globulin wliich 
had been heated to 56°C. Proteolysis was measured immediately after the addition of 
fibrinolysin, and again after incubation of the globulin-fibrinolysin mixture at for 1, 
and 2-J hours. See text. 

The amount of casein digested during a period of 4 hours is plotted in Fig. 
6. During the first hour and a half, the amount of casein digested was inde- 
pendendent of substrate concentration in those tubes with initial casein con- 
centrations of 1.0 mg. per cc. or more. Beyond this time, however, the rate 
of digestion of casein was directly dependent upon the initial casein concentra- 
tion. 

These studies indicate that the quantitative determination of plasma pro- 
teolytic enzyme requires that a concentration of casein be used which would 
saturate all available enzyme during the period of digestion observed. How- 
ever, in practice, a concentration of substrate higher than 1.5 mg. per cc. had 
to be avoided. If the concentration of casein was high relative to the concen- 
tration of globulin, when hydrochloric and sulfosalicylic acids were added to 
assay protein, flocculation and precipitation of protein resulted, instead of uni- 



OSCAR D. RATNORF 


221 


fonn turbidity. Tliis rendered it impossible to quantify the protein present 
by the method used. Furthermore, concentrations of casein in the enzyme- 
substrate mixture higher than 1.5 mg. per cc. apparently inhibited digestion 
during the first 15 or 20 minutes of incubation. In repeated experiments, when 
concentrations of casein in the enzyme-substrate mixture of 1.5 mg. per cc. 
were used, the amount of casein digested was linear until approximately 0.7 
mg. per cc. was digested, after which the amount of casein digested per unit 
time decreased. 



Fig. 6. The influence of the concentration of substrate (casein) on its rate of digestion 
by chloroform-activated plasma proteolytic enzyme. The initial concentration of casein is 
expressed in terms of milligrams per cubic centimeter of enzyme-substrate mixture. 


2. The Relationship between Concentration of Enzyme and the Digestion of 
Casein during the 1st Hour of Incubation of Enzyme and Substrate . — ^When the 
initial concentration of casein in the enzyme-substrate mixture was 1.5 mg. 
per cc. , digestion with either fibrinolysin- or chloroform-activated enzymes was 
proportional to the concentration of enzyme present, up to the point where 
0.7 mg, per cc. of casein had been digested. Beyond this point, however, the 
relative rate of casein digested per cc. decreased. 

Fig. 7 is a composite of many experiments in which the amount of casein 
digested by various dilutions of fibrinolysin-activated and chloroform-activated 
enzyme was plotted against arbitrary units. The amount of enzyme necessary * 
to digest O.SO mg. of casein per cubic centimeter of enzyme-substrate mixture 
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in 1 hour was arbitrarily called 50 digestion units. A sample of chloroform- 
activated enzyme was diluted to varying degrees, and the amount of casein per 
cubic centimeter of enzyme-substrate mi.xture digested in 1 hour was deter- 
mined. riie data from one such e.xperimcnt were then plotted, using the arbi- 
trary point of SO units = 0.50 mg. as one point on the curve. Using this rough 
plot, the data from other e.Yperiments were fitted to the curve, selecting the 
best fit to the arbitrarj' curve. In this manner, it was possible to plot the data 



ARBITRARY OlOESTION UNITS 

Fro. 7. The influence of the concentration of plasma proteolytic enzyme on the digestion 
of casein. The data of several e.Tperiments have been plotted on a single curve, with SO 
digestion units arbitrarily designated as the amount of plasma proteolytic enzyme which 
will digest 0.50 mg. of casein per cc. of enzyme-substrate mixture in 1 hour, when the initial 
concentration of casein was 1.5 mg. per cc. of enzyme-substrate mixture. See text. 

of many experiments in such a way tliat arbitrary units would e.xpress the 
proteolytic power of any given specimen. Thus, if a given solution digested 
1.00 mg. of casein per cc. of enzyme-substrated mixture in 1 hour, it would 
contain 195 digestion units of plasma proteolytic enzyme. If the enzyme were 
diluted with equal parts of buffer, it would contain 97 digestion units and should 
digest 0.77 mg. of casein per cc. per hour. Actually, these assumptions have 
been found to be correct in repeated experiments. In this way, by the use of 
an arbitrary scale, the difficulties imposed by not using a substrate concentra- 
tion higher than 1.5 mg. per cc. were overcome. 

3. The Activity of Plasma Proteolytic Enzyme after the 1st Hour of Incubation 
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with Substrate . — In studying the activation of plasma proteolytic- enzyme by 
streptococcal fibrinolysin, use was made of the fact that fibrinolysin-activated 
enzyme prepared from plasma globulin deteriorated rapidly at 37 C. This 
deterioration appeared to occur early during the 2nd hour after the enzyme had 
been activated. In these e.xperiments, described in section II 4, the deteriora- 
tion seemed to take place before the addition of substrate. The following ex- 
periments demonstrate that fibrinolysin-activated enzyme also deteriorated in 



TIME IN HOURS 


Fig. 8. The relative time of deterioration of chloroform-activated and fibrinolysin-activated 
plasma proteolytic enzyme. See text. 

the presence of casein substrate. On the other hand, chloroform-activated 
enzyme did not deteriorate appreciably during a period of 3 hours. 

The digestion of casein by samples of fibrinolysin-activated and chloroform- 
activated enzyme has been compared in Fig. 8. Chloroform-activated enz 5 me 
did not show appreciable deterioration during the 3 hour period. The rate of 
digestion decreased only after the amount of substrate fell below the concen- 
tration necessary to saturate all available enzyme; that is, when the concentra- 
tion of casein decreased below approximately 0.8 mg. per cc. This indicates 
that there was no appreciable deterioration of chloroform-activated enzyme 
during the period of observation. 

On the other hand, in this and many other e.xperiments, the activity of 
fibrinolysin-activated enzyme decreased rapidly beyond the 1st hour of incu- 
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billion, regardless of how much casein was slill available. This implies that 
the libriuolysiivactivated enzj'ine had deteriorated in one way or another. As 
pointed out before, this decrease in activity occurred even in the absence of 
substrate. The deterioration of librinolysin-activaled enzyme occurred in all 
preparations studied, and became sulTvcicnt to atTect the assay of proteolytic 
activity early during the 2nd hour of incubation at d7°C. Ordinarily, jnoieo- 
iytic activity was determined by measuring the amount of substrate digested 
in 1 liour. Thcretorc, it was necessary to assay (ibrinolysin-activated enzyme 
immediately after prctxiration to minimize the eftects of deterioration. 

4. The Injlitcncc of Chloroform on the Deterioration of Flasuia Troleolylic 
Enzyme Activated by Chloroform or by Streptococcal Fibrinolysin. — Chloroform- 
activated plasma proteolytic enzyme apparently did not deteriorate during 
several hours’ incubation at 37°C. On the other hand, tibrinolysin-activated 
enzyme deteriorated rapidly. The following e.xperiments were designed to 

TABLE III 


The Protection of Filiriiiolysiii-Acthatcd Enzyme by Chloroform 


Activ.ilor 1 

Time of measurement of .ictivily 

Eosymatic activity 



■HomH 

Fibrinolysin 

Immediately after preparation 


Fibrinolysin 

After incubation at 25'’C. for 20 hrs. 


Cliloroform 

After incubation at 25°C. for 20 hrs. 


Fibrinolysin and chloroform 
together 

.\ftcr incubation at 25°C. for 20 hrs. 

0.60 


* Milligrams of casein digested per cubic ccntiincter of enzyme-substrate mL'cture in 1 hour. 


determine whether chloroform removed or destroyed some substance which 
hastened the deterioration of plasma proteolytic enzyme. 

In a typical c-xperiment, the euglobulin precipitate of 14 cc. of plasma \va.s prepared in 
two unequal portions. The precipitate of 2 cc. was dissolved in 1 cc. of bulTer, and half a cc. 
of chloroform was added. This mixture was incubated for 20 hours at 25°C., and llic chloro- 
form-activated proteolytic activity was then determined in the usual manner. The euglobulin 
precipitate of the remaining 12 cc. of plasma was dissolved in 6 cc. of broth filtrate containing 
streptococcal fibrinolysin. It was demonstrated that this amount of fibrinolysin was not 
sufficient to activate all available precursor. The fibrinolysin-aclivatcd proteolytic activity 
was determined immediately on a 1 cc. aliquot. Miolher 1 cc. aliquot was allowed to stand 
at 25°C. for 20 hours, and its proteolytic activity then determineil. To a third 1 cc. aliquot 
was added 0.5 cc. of chloroform and the mixture was allowed to stand at 25°C. for 20 hours, 
after which its proteolytic activity was determined. It was then possible to compare the 
proteolytic activity of the globulin immediately after the addition of fibrinolysin, 20 hours 
after the addition of fibrinolysin, 20 hours after the addition of fibrinolysin and chloroform 
together, and 20 hours after tlic addition of chloroform alone. 

These data demonstrate that the addition of diloroform to librinolysin-acli- 
vated enzyme immediately after it had been prepared, prevented in large meas- 
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ure the deterioration of plasma proteolytic enzyme over a period of 20 hours 
(Table III). It seemed of interest to determine whether chloroform would 
reactivate fibrinolysin-activated plasma proteolytic enzyme once it had deteri- 
orated. 

At the same time as the preceding experiment, two other 1 cc. aliquots of fibrinolysin- 
activated globulin were incubated at 37°C. for 4 hours. At the end of that time, one aliquot 
was tested for proteolytic activity. To the other aliquot was added 0.5 cc. of chloroform, 
the mixture was incubated for 16 hours at 25“C., and its proteolytic activity then determined. 
It was then possible to compare the proteolytic activity of the globulin immediately after 
the addition of fibrinolysm; after 4 hours at 37‘‘C. following the addition of fibrinolysin; 
16 hours after the addition of chloroform to enzyme which had been incubated for 4 hours 
at 37°C. after the addition of fibrinolysin; and 20 hours after the addition of chloroform alone. 

As can be seen in Table IV, once fibrinolysin-activated enzyme had been 
allowed to deteriorate, the addition of chloroform did not reverse this deteri- 


TABLE IV 

Failure of Chloroform lo Reverse the Deterioration of Fibrinolysin-A clivaied Enzyme 


Activator 

Time of measurement of activity 

Enzymatic activity 

Fibrinolysin 

Immediately after preparation 

msr/ce,* 

0.76 

Fibrinolysin 

After incubation at 37°C. for 4 hrs. 

0.06 

Chloroform 

After incubation at 25°C. for 20 hrs. 


Fibrinolysin incubated at 37°C. 

After incubation at 25°C. for 16 hrs. 

0.20 

for 4 hrs., then chloroform 

following addition of chloroform 



* Milligrams of casein digested per cubic centimeter of enzyme-substrate mixture in 1 hour. 


oration. The small increase in activity noted could be accounted for entirely 
by the activation of precursor not previously activated by fibrinolysin, since 
the precursor had not been saturated by the amount of fibrinolysin employed. 

DISCUSSION 

The experiments described define some of the conditions necessary for the 
optimal activation of plasma proteolytic enzyme by chloroform. Mixtures of 
chloroform and the euglobulin containing the precursor of plasma proteolytic 
enzyme were incubated for varying lengths of time and at several temperatures. 
The greatest proteolytic activity resulted when the plasma euglobulin was 
incubated with chloroform for 16 to 28 hours at 25°C. This is in contradis- 
tinction to the reported results of incubation of chloroform and whole plasma 
(3, 9), mixtures of which were not ma.ximally active for at least several days. 
These studies suggest that some substances not in euglobulin may retard tha 
activation of plasma proteolytic enzyme. Incubation of globulin with chloro- 
form at 37°C. resulted in much less proteolytic activity than incubation at 25°C. 
Ihe explanation of this phenomenon is not clear, although it is possible that 
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the enzyme may be destroyed by the prolonged incubation at iTC., perhaps by 
autodigestion. 

The evidence presented did not indicate the mode of activation of plasma 
proteolytic enzyme by chloroform. Deiezcnne and Pozerski (3) and later 
Christensen (9) suggested that chloroform apparently removes some substance 
which prevents the accumulation of enzyme. Then the enzyme may be acti- 
vated autocatalytically in the manner in which tiy-psinogen is activated by 
trypsin (9). The data support this view but the evidence is not conclusive. 

Streptococcal fibrinolysin on the other hand, activated plasma proteolytic 
enzyme with great rapidity and when ma.ximal amounts of fibrinolysin were 
used, maximal activity was observed just as early as proteolysis could be meas- 
ured. Christensen and MacLeod (7) studied the proteolysis of gelatin with a 
purified streptococcal fibrinolysin prepared from the H46A strain of beta 
hemolytic streptococcus. They concluded that the activation of plasma pro- 
teolytic enzyme by streptococcal fibrinolysin was a catalytic process. The rate 
of activation was proportional to the concentration of fibrinolysin, but the 
maximal activity developed was independent of the concentration of fibrinoly- 
sin used. 

Moreover, Christensen and MacLeod (7, 9) have proposed an hypothesis 
which e.xplains the data thus far presented concerning the r61e of chloroform 
and of fibrinolysin in the activation of plasma proteolytic enzyme. Plasma 
proteolytic enz 3 Tne is capable of spontaneous activation. Chloroform removes 
some substance which destroys the plasma proteolytic enzyme as it is formed. 
Therefore, when globulin solutions are treated with chloroform, the spontane- 
ously developing enzyme gradually accumulates, and the preparation acquires 
considerable proteolytic activity. Fibrinolysin, on the other hand, reacts 
catalytically directly with some substance in globulin to release plasma pro- 
teolytic enzyme. 

Other data, reported above, however, are not adequately explained by tins 
hypothesis. If the globulin preparation was not previously treated witli heat 
or chloroform, the activation of plasma proteolytic enzyme with streptococcal 
fibrinolysin behaved as if a stoichiometric reaction occurred. Thus, the pro- 
teolytic activity evoked by fibrinolysin acting on plasma globulin preparations 
not so treated was an h 3 q)erbolic function of the concentration of fibrinolysin. 
This is compatible with the law of mass action. Furthermore, if the concen- 
tration of both fibrinolysin and globulin was varied, the proteolytic activity 
that resulted was proportional to the product of the concentration of fibrinoly- 
sin and of globulin. That is, within limits, 

[Substance In globulinl X [fibrinoly^l _ 

[Proteolytic activityl 

With the globulin preparation used, the enzymatic activity of fibrinolysin- 
globulin mixtures began to deteriorate after incubation for about 1 hour at 
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37°C. This was equally true if small or large amounts of fibrinolysin were 
used. When preparations of fibrinolysin-activated enzyme were allowed to 
deteriorate, the addition of fresh fibrinolysin evoked fresh enzymatic activity 
in those preparations which had low concentrations of fibrinolysin originally, 
and none in those which had high concentrations of fibrinolysin originally. 
Therefore, these experiments indicate that fibrinolysin reacted in molecular 
proportions with some substance in globulin, probably the precursor of plasma 
proteolytic enzyme itself. 

All the data above can be explained by a new hypothesis. The globulin 
preparation used contained small amounts of inhibitor of activated plasma pro- 
teolytic enzyme. Streptococcal fibrinolysin reacts stoichiometrically with the 
precursor of plasma proteolytic enzyme. In the absence of these inhibitory 
substances, the enzyme so activated is responsible for further autocatalytic 
activation of the remaining enzyme precursor. In the presence of inhibitor 
of the activated enzyme, the autocatalysis is blocked, and the molecular reac- 
tion is then apparent. 

Certain data described above support this hypothesis. When the plasma 
globulin was treated with chloroform or heat, streptococcal fibrinolysin now 
appeared to activate plasma proteolytic enzyme catalytically. However, the 
globulin thus treated simultaneously lost its ability to inhibit plasma proteo- 
lytic enzyme (2). Furthermore, fibrinolysin-activated enzyme prepared from 
globulin treated with heat or chloroform did not deteriorate with the rapidity 
of unheated globulin preparations. These experiments suggest that the in- 
hibitory substance which prevents the catalytic activation of plasma proteo- 
lytic enzyme may be identical with the inhibitor of activated plasma proteolytic 
enzyme. 

The kinetics of digestion with plasma proteolytic enzyme have not been 
defined previously. The data presented here demonstrate that the relation- 
ship between concentration of enzyme and the amount of substrate digested is 
similar to that of other hydrolytic enzymes. When the concentration of sub- 
strate is sufficiently high to saturate all available enzyme, the rate of digestion 
by hydrolytic enzymes is directly proportional to the concentration of the 
enzyme, and to the duration of digestion (10). This is particularly true early 
in the course of digestion, before the accumulation of inhibitory end products, 
or a decrease in the amount of substrate available, or the inactivation of the 
enzyme. The experiments herein described demonstrate that plasma proteo- 
lytic enzyme does indeed digest casein in direct proportion to the concentration 
of enzymes as long as the enzyme is saturated with substrate. 


SCM3IAEY • 

1. Some conditions for the optimal activation of plasma proteolytic enzyme 
by chloroform have been described. The activation proceeds slowly. The 
action of chloroform is probably to remove some substance which inhibits or 
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inactivates tlie plasma proteolytic enzyme preparation, rather than a direct 
activation of the enzyme. 

2. Plasma proteolytic enzyme is activated by filtrates of cultures of beta 
hemolytic streptococci. When streptococcal fibrinolysin is present in ma\-i- 
mally effective amounts, the activation is almost instantaneous. When the 
globulin is prepared from heated serum or the globulin is treated with chloro- 
form, the activation of enzyme by streptococcal fibrinolysin appears to be 
catalytic. If the globulin is not so treated, the reaction appears to involve a 
stoichiometric process. 

3. The plasma proteolytic enzyme activated by chloroform or by strepto- 
coccal fibrinolysin digests casein in direct proportion to the concentration of 
enzyme and to the time of digestion, during the early period of incubation. 

4. Fibrinolysin-activated enzyme deteriorates rapidly relative to chloroform- 
activated enzyme. This may be due to the removal by chloroform of some 
substance which inactivates plasma proteolytic enzyme. 

It is a pleasure to acknowledge the advice and encouragement of Dr. G. S, Mirick, and 
Dr. R. M. Archibald. 

BIBLIOGILAPHY 

1. Dastre, A., Arch, physiol, norm, ei path., 1893, 6, 661. 

2. Hedin, S. G., J. Physiol., 190-1, 30, 193. 

3. Delezenne, C., and Pozerski, E., Compt. rend. Soc. biol., 1903, 55, 327. 

4. Tillett, W. S., and Garner, R. L., J. Exp. Med., 1933, 58, 485. 

5. Christensen, L. R., J. Gen. Physiol., 1945, 28, 363. 

6. Ratnoff, 0. D., J. Exp. Med., 1948, 87, 199. 

7. Christensen, L. R., and MacLeod, C. M., J. Gen. Physiol., 1945, 28, 559. 

8. Kaplan, M. H., Tagnon, H. J., Davidson, C. S., and Taylor, F. H. L., J. Clin. 

Inv., 1942, 21, 533. 

9. Christensen, L. R., J. Gen. Physiol., 1946, 30, 149. 

10. Van Slyke, D. D., in Advances in Enzymology and Related Subjects, (F. A. Nord 
and C. H. Werkman, editors). New York, Interscience Publishers, Inc., 1942, 
2, 33. 



THE PROTEINS IN UNHEATED CULTURE FILTRATES OF HUMAN 

TUBERCLE BACILLI 

I. Fractionation AND Determination of Physical-Chemical PROPERTiEs^t 

By ELLEN B. BEVILACQUA, Ph.D., and JANET R. McCARTER, Ph.D. 

{From Ihe D&parimtnis of Chemistry arid AgricuU-ural Bacteriology, The University of 

Wisconsin, Madisoti) 

(Received for publication, October 7, 1947) 

XNTRODHCTION 

DiSerent preparations of P.P.D. (purified protein derivative) (I) and of 
O.T. (old tuberculin) (2) tuberculins are known to differ in their skin activity. 
Since the latter property is associated wholly with the protein component of 
tuberculins (3), a partial explanation of this phenomenon is that the protein 
contents of lots of O.T. may be significantly different, but this can hardly 
account for the variation found in preparations of P.P.D. (3) . The presence of 
two or more proteins with unequal skin activities is one possible explanation, 
as they might be found in varying amounts in different preparations; or, as 
has been suggested, degradation of the protein during preparation might 
account for the observed facts (3). 

In an attempt to get a complete picture of the proteins in tuberculin, we 
have fractionated with ammonium sulfate unheated culture filtrates of both a 
virulent strain of human tubercle bacillus and a strain of low virulence, and 
studied the protein fractions both serologically and by physical-chemical 
methods. 

That two or more proteins exist in tubercle bacilli or in tuberculins has been 
indicated by other workers (4), but complete separation and proof of antigenic 
individuality have not been obtained. By means of electrophoresis Seibert 
and Nelson (5) have demonstrated in unheated culture filtrates of tubercle 
bacilli protein-containing materials of at least two different mobilities. Two 
of the fractions separated thus had some immunological specificity but cross- 
reactions were obtained. Furthermore, one fraction was found to be much 
less antigenic than the other, and it failed to sensitize the skin of rabbits. Thus 
it was not dear that the one was not a degraded form of the other. 

The physical-chenucai work is more fully described in the thesis of one of the authors 
submitted to the Faculty of the University of Wisconsin in partial fulfillment of the require- 
ments (or the Ph.D. degree in June, 1941. 

This p^e of the investigation was carried out in the laboratories of Dr. J. W. WilUams, 
and we wish to express out appreciation of his help. 

X Supported in part by grants from the Wisconsin Alumni Research Foundation and from 
the National Tuberculosis Association Medical Research Committee. 
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We have found, principally from the results of sedimentation velocity ex- 
periments, that there are two distinct proteins with differing sedimentation 
constants in tuberculin, one of which is the same as that obtained previously 
by Seibert el al. (6) by ammonium sulfate fractionation. Our data indicate a 
slightly higher molecular weight for this protein than the 32,000 determined 
by Seibert cl al. The serological work has confirmed the individuality of the 
two proteins of different sedimentation constant and has, in addition, es- 
tablished the presence of a third, serologically distinguishable factor not de- 
tected in the physical-chemical e.xperiments. Additional tests, including 
active skin sensitization in guinea pigs and passive skin sensitization of normal 
guinea pigs with serum from the animals actively sensitized, have further 
demonstrated the biological specificity of the two proteins and shown that 
both have similar degrees of antigenic' ty. 

The present paper describes the fractionation of tlie unheated culture filtrates 
and tlie physical and chemical investigation of the products. The serological 
studies and a description of the skin activities of the fractions will be presented 
in the second paper of this series (7). 

EXPERIMENTAL 

The cultures were grown on Henley’s synthetic medium (8), the virulent strain (DT)^ for 
21 weeks and the slightly virulent one (TB-1)’ for 9 weeks. Thereafter the cultures of the 
two stridns were treated in e.xactly the same way. Cellular material was removed by filtration 
through Mandler filters. The filtrates were immediately concentrated and washed by ultra- 
filtration (1) with phosphate buffer (0.005 sr, pH 7.4 to 7.5) at 5°C. Throughout the process 
merthiolate was maintained at a concentration of 1/10,000 to prevent bacteria from growing, 
and both the ultrafiltration and the subsequent fractionation were carried out at 0-5°C. to 
avoid denaturing the protein and also to prevent contamination. To ascertain whether any 
significant constituents were being lost by ultrafiltration, parts of the ultrafiltrates were in 
turn concentrated and Washed in the alundum cups impregnated with heavier cellulose acetate 
films. All preparations were lyophilized immediately after they had been washed by ultra- 
filtration. 

The fractionation scheme is given in Fig. 1 and the amount obtained and 
chemical composition of each fraction are in Tables I and II. Corresponding 
fractions of the two strains have tlie same symbol; “av” is affixed to designate 
those from the slightly virulent tubercle bacillus, and “v” to indicate those 
from the virulent strain. 

All precipitations were carried out according to the foUowmg scheme. A solution contain- 
ing approximately 1 per cent protein was dialyzed in several changes of the predpitating 
solution, usually an ammonium sulfate solution 0,25, 0.5, or 0.75 saturated at 5°C., either at 
the normal pH or neutralized wth sodium hydroxide to pH 7.2 as indicated in Fig. 1. 
about 24 hours the precipitate in the dialysis bag was centrifuged. The supernatant liqui 

^ The culture DT was obtained tlirough the courtesy of Dr. Florence B. Seibert. Its 
virulence was checked in guinea pigs just before the culture filtrates were prepared from it. 

^ TB-1 is the number of the stock culture of the Department of Agricultural Bacteriology 
of The University of Wisconsin. 
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Fig. 1. Fractionation scheme for unheated culture filtrates. 


TABLE I 


Composition and Yitld of Tulerctdin Fractions from Strain DTt 


Fraction 

Protein 

Polysaccharide 

Nucleic acid* 

Total yield of 
pTOteint 


^cr ccnt^ 

^cr cent 

per cent 

mg. 

HS 

32 

68 


3,380 

HP 

69 

11 

20 

775 

. B 

86 

14 

0 

16 

HSJ4 

94 

6 

0 

119 

G 

1 

12 

0.5 

115 

K 1 

69 

28 

3 

20 

L' 

10 

89 

1 

3 

A 

71 

29 


332 

A reprecipitated 

91 

8 I 

1 

99 

D 

72 

27 

1 

202 

J 

27 

55 

18 

106 

M 

5.5 

94 

0.5 

95 

E 

87 

5 

8 

112 

N 

94 

2 

4 

154 

P 

78 

8 

14 

180 

Q 

23 

25 

52 

22 

L 


1 

82 

12 


• Nucleic acid values of less than 15 per cent are not accurate due to interference of pro- 
tein and polysaccharide. 

t The original volume of the culture medium was 12 liters. 

§ Per cent of the sum of the three substance for which analyses were made. 
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was poured of! and dialyzed with tiic next precipitant. The precipitate was washed at least 
once with the precipitating solution and rcccntrifuged. It was then dissolved in 0.02 st 
phosphate buffer of pH 7.0 to 7.2, and dialyzed in frequent changes of this buffer until all 
ammonium sulfate was removed. Determinations of polysaccharide, nitrogen, and nucleic 
acid were made on this solution. 

Following Seibert (9), the nucleic acid contents of the fractions were estimated by the 
diphenylamine reaction of Disclic, and the polysaccharide contents by the carbazole rcacb'on. 
We arc indebted to Dr. Florence B. Seibert for a sample of Hammarsten's pure sodium thy- 
monucleate and also for a sample of purified tuberculin pol>'saccharide, which were used as 


T/VBLE II 

Composition and Yield of Tuberculin Fractions from Strain TB-Iav 


Fraction 

Protein 

Polysaccharide 

Nucleic acid 

Total yield of 
protein* 


per cent 

per cent 

per cent 

as- 

HS 

29 

71 


1,034 

HP 

92 

5 

3 

232 

B 

86 

14 

0 

S3 

HSK 

94 

6 

0 

65 

G 

84 

16 

0 

43 

K 

69 

30 

1 

6 

L't 

85 

15 

1 

1.5 

A 

75 

24 

0.5 

232 

A reprecipitated 

88 

1 12 

1 

I 57 

D 

73 

: 27 

0.5 

43 

J 

41 

59 

0.4 

47 

M§ 

7 

93 

0 

54 

E 

83 

12 

4 

9 

N 

93 

6 

0.7 

15 

P 

85 

11 

4 

26 

Q 

85 

9 

6 

11 

Lt 

54 

46 


1.6 


* The original volume of the culture medium was 10 liters, 
t Total amount too small to determine nucleic acid. 

§ Dialysis bag broke and some material was lost. Total amount, therefore, in error but 
percentages correct. 

standards in the determinations. Two or more concentrations of each standard were run 
concurrently with each set of determinations to serve as a check on reagents and methods. 
Neverdieless, for fractions containing appreciable amounts of both nucleic acid and polysac- 
charide such colorimetric determinations are not accurate. The nucleic acid gives a charac- 
teristic color witli carbazole (10) which is quite different from tlie brownish pink given by the 
tuberculin polysaccharide. A polysaccharide analysis using tlie carbazole reagent on pure 
nucleic acid showed that at the wave length of light used in tire analysis, tlie nucleic acid 
absorbed twice as strongly as did the polysaccharide. The polysaccharide analyses given in 
Tables I and II are, therefore, corrected for nucleic acid by subtracting twice the nucleic acid 
value from the polysaccharide value. The nucleic acid values themselves are questionable, 
however, on samples containing small amounts of nucleic acid and large amounts of eitlier 
protein or polysaccharide. It was found that if the nucleic acid nitrogen were less than lo 
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per cent of the total nitrogen, the color developed by the reagent was greenish blue instead of 
violet, and the relationship between the amount of sample and the logarithm of the fraction , 
of light absorbed was no longer linear. The ratio of the amount of light absorbed using a 660 
mp filter to that with a 620 mu filter for the fractions low in nucleic acid was compared with 
the same ratio for pure nucleic acid, and incorrect ratios were obtained for all containing less 
than IS per cent nucleic acid. Protein contents were estimated from nitrogen determinations 
(11) by using the value 16.3 for the percentage of nitrogen in tuberculin proteins (6), and by 
correcting for nucleic acid nitrogen. 

The fractionation of the concentrated and washed culture filtrates was greatly complicated . 
by the presence of polysaccharide, often amounting to 70 per cent of the total material in 
solution, and of nucleic acid in the “ v” preparations. The nucleic acid was almost entirely 
separated by adjusting the solution to pH 4.4, whereupon a heterogeneous protein-nucleate 
and any denatured protein precipitated. The precipitate, HP in the fractionating scheme, 
was further fractionated, as it contained considerable protein. Fractions E, N, and P were 
obtained by successive precipitations with 0.25, 0.5, and 0.75 saturated (at 5°C.) ammonium 
sulfate brought to pH 7.2 with NaOH, at which pH more protein than nucleic acid is precipi- 
tated by ammonium sulfate (9). A final predpitation at pH 4.4 with saturated ammonium 
sulfate brought down the remaining protein leaving only a few milligrams in solution. Part 
of the 0.25 HP fraction (F) would no longer dissolve in phosphate buffer after removal of the 
ammonium sulfate. Although it dissolved in a borate buffer of pH 9, it precipitated after a 
few days and was discarded. 

Most of the protein remained in the solution (HS) after the initial precipitation at pH 4.4, 
together with nearly all the polysaccharide. Precipitation at pH 7.2 with 0.5 saturated 
ammonium sulfate brought down a protein fraction containing 35 per cent polysaccharide. 
To lower the polysaccharide concentration, the further precipitations were carried out at pH 
4.4, near the isoelectric point of the tuberculin proteins. The assumption was that at this pH 
the solubility of the protein would be a minimum, while that of a neutral polysaccharide would 
be unchanged. The fraction was dissolved in phosphate buffer, adjusted to pH 4.4 in acetate 
buffer by dialysis, and precipitated with 0.25 saturated ammonium sulfate. A small amount 
which precipitated in the acetate buffer was collected by centrifugation as fraction B. The 
fractions from both strains were found to contain about 10 to 15 per cent polysaccharide. 
A second precipitation of the protein at a concentration of about 0.3 per cent yielded a fraction 
in each case containing only 6 per cent polysaccharide at a sacrifice of about one-third of the 
protein. Further decrease in the polysaccharide content was impractical because of the large 
loss of protein. 

The supernatant solutions from these precipitations and, separately, that from the 0.5 
saturated ammonium sulfate precipitation, were further fractionated as indicated in Fig. 1. 
The final solution remaining contained fraction M, almost pure polysaccharide. The A 
fractions, containing a relatively large amount of material in both preparations, were repre- 
dpitated from dilute (about 0.3 per cent) solution and fractions containing 90 per cent protein 
were obtained. 

All the fractions in which there was sufifident material were sedimented in the Svedberg 
off-driven ultracentrifuge at 60,000 E.p.ii. in a 0.02 ii phosphate buffer, 0.2 m in sodium chlo- 
ride, at a pH of 7.0. Diagrams of the scale line displacement, which is proportional to the 
concentration gradient, versus distance in the cell are given in Figs. 2a,b, and c for some of the 
fractions together with the sedimentation constanU calculated therefrom. The constants 
for the pure fractions are rj, values, having been corrected to 20°C. and to a process t.-it-in g 
place m pure water. This last correction, which amounts to 3 or 4 per cent, is meaningless 
for matures as it involves the partial spedfic volume of the solute, and so only the density 
correction has been made for the impure fractions and their constants are thus given as rjo 
values. Smee little information is obtained from one experimental curve, several for each 
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individual experiment arc given. These show the changes in concentration gradients in the 
cell with time. The two proteins found were detected by a combination of this information 
with tliat obtained from the chemical analyses, as shown in the following description of the 
fractions. 

Fraction ES]/i . — ^Ten sedimentation e.xperiments were made on five different 
preparations of fraction HS}4, the purest protein fraction, at concentrations 
of 0.25 to 1.0 per cent. Curves from representative e.xperiments are shown 
in Fig. 2 a. No change of sedimentation constant with concentration was 
observed. All the peaks were symmetrical and this fact, together with the 
low polysaccharide content, indicates that the fraction is probably a fairly 
homogeneous protein. The mean of the sedimentation constants for all e.x- 
periments was 3.4 S with a precision of about 5 per cent. 

Four diffusion experiments were made with two preparations of HS34v 
concentrations from 0.25 to 0.5 per cent, using a Lamm-Polson micro diffusion 
cell, and the Lamm scale method for observing the rate of diffusion (12). The 
low concentrations used made the experimental error in individual values of 
the diffusion constant rather large. The mean value of Dio, 7.3 X lO"’^ cm.' 
per second, has a precision of about 10 per cent. The e.xperimental curves 
showed little or no deviation from the normal curve: thus no gross inhomo- 
geneity with respect to diffusion constant existed in the preparation. This 
test for homogeneity is not sensitive to variation in diffusion constant of the 
order of 100 per cent (13). 

The apparent partial specific volume of HS34 was calculated from the results 
of very careful density measurements.® Three values, at concentrations of 
0.276, 0.360, and 0.502 per cent, were obtained. The mean value, 0.738, had a 
probable error of less than 1 per cent. 

By use of the values of partial specific volume (F), diffusion constant (Ao)> 
and sedimentation constant (jjo) the frictional ratio, ///o, was calculated: 

= 10-®(1 - Vpyi^ 

This ratio compares the frictional resistance of the molecules to sedimentation 
and diffusion with that of spherical molecules with the same molecular weight. 
From it the ratio of the minor semi-axis, b, to the major semi-axis, a, of the 
molecule was calculated, using Perrin’s e.xpression 



a 


5 Details of the'determination of partial specific volume have been published (18, page I?)- 
The method used was similar to that described by Tennent and Vilbrandt (16). 
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This applies exactly to a prolate ellipsoid of revolution, which, is a sufficiently 
accurate approximation to the shape of a protein molecule in solution. 

The molecular weight of HSJ^, from the equation 

_ 

" DO- - Vp) 

together with the values of f/fo and a/b, is given in Table III. HSJ4 appears 
to be a globular, hence probably undenatured protein. It is also evident, 
both from the values of the constants and from the method of preparation, 
that the HS34 protein corresponds to a protein reported by Seibert et al. in 
1938 (6). The values of Xm and Dio given for her preparation TPA-30b are 
3.3 S and 8.2 X respectively. These together with a value for the partial 
specific volume of 0.7 give a molecular weight of 32,000, compared with 44,000 


TABLE III 

Molecular Weights of Tuberculin Components 


Material 

4(S) 

D ^ X 10’ 
a 

cm.^fsec. 

V 

Molecular 

weight 

///• 

alb 

HSJiv 

3.4 

7.3 

0.738 

44,000 

1.'25 

5 

HS14.T* 

3.4 


0.738 

44,000 



Polysaccharide My 

1.7 

7.6 

0.619t 

18,000 

1.71 

13 

Polysaccharide M,v 

2.1 

7.0 

0.6191 

23,000 

1.71 

13 


* There was not enough material available to carry out diffusion experiments on 
t Value of Seibert et al. (6). 


for HSJ4. The difference between the two molecular weights lies in the differ- 
ence in the partial specific volume. The probable error in our value of is 
less than 1 per cent and the probable error in the molecular weight of is 

only about 10 per cent. 

Fraction B (Fig. 2 a) appeared to be HS34 which had undergone a change 
in solubility, precipitating at pH 4.4. Its sedimentation constant was 3.2 S, 
but the curves were not as regular as those for and indicated a spread of 
molecular sizes or shapes. The change in solubility occurred rather rapidly 
in solutions of at room temperature, much more slowly at 5°C. Pre- 
sumably it came about very rapidly when the tuberculin was heated; when a 
culture filtrate heated for 2 hours was fractionated according to the scheme 
in Fig. 1, no precipitate appeared when the solution was dialyzed in 0.25 satu- 
rated ammonium sulfate. 

It should be mentioned in this connection that measurements of the diffusion constant of 
HSX were carried out at 25°C. In the future it would be betur to conduct diffusion eiperi- 
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nients at a lower temperature, near 0°C., to minimize the danger of denaturing the protein 
during an experiment. However, the time required for a diffusion experiment was much less 
than that for the first appearance of a predpitatc at room temperature, so tliat the change in 
the measured diffusion constant due to denaturation was less than the experimental error 
inherent in the mctliod. 

HS Fractions Containing the 2 S Protein . — When the sedimentation curves 
for the other fractions were examined, it became evident that a clear cut sepa- 
ration of HS3<^ from the rest of the protein had not been achieved in all these 
fractions. In most of the predominantly protein fractions derived from the 
acetate-soluble portion from the initial precipitation (A, D, and G, Fig. 2h) 
the peaks were unsymmetrical and gave evidence of one component with a 
sedimentation constant of about 3.4 S, obviously and another with a 

constant of about 2 S. In no case were the peaks sufficiently resolved so that 
accurate constants for both components could be calculated from one set of 
curves, but in several cases, fractions Av and A..iv (Fig. 2 6), for example, the 
faster protein predominated in the “v” preparation, determining the value of 
the constant, and the slower in the “av”. Also in two different preparations of 
Gv, the faster component was in excess in one sample and the slower in the 
other, making it possible to calculate constants of 3.4 and 2.2 S respectively 
(Fig. 2 b). The latter value was also found in G.^v. .This sample gave re- 
markably symmetrical peaks on sedimentation, although it contained 16 per 
cent polysaccharide. This, together with the fact that all fractions in which 
the slower protein predominated, no matter what the polysaccharide content, 
showed sedimentation constants in the neighborhood of 2 S, leads us to believe 
that the sedimentation constant of the slower protein is very near that of the 
polysaccharide. 

Fraction Kv (Fig. 2 b) and fractions Jv and Jav are important in that they 
are the only 2 S fractions which the serological work showed to contain no 
HS3^. Sedimentation e.xperiments on Jv or Jav did not seem to be warranted 
because of the high polysaccharide contents of these fractions. No pltysical- 
chemical or serological work was done with the Kav preparation as there was so 
little material available. While Kv contained almost 30 per cent polysaccha- 
ride in addition to a small amount of nucleic acid, it gives the best indication 
of the sedimentation constant of the 2 S protein. The fact that the curves are 
slightly asymmetric, with spreading on the faster side, may indicate that the 
polysaccharide sediments slightly faster than the protein, but tliis spread may 
also be due to the presence of nucleic acid. The constant of 1.9 is due princi- 
pally to the 2 S protein, and is probably not far from the value that would be 
found for pure 2 S protein containing no polysaccharide. 

Polysaccharide . — Fraction M, the polysaccharide, was the only fraction, 
other than HS^, that could be called a pure substance. It contained some 
nitrogen, amounting to about 6 per cent protein, if one assumes all the nitrogen 
to be in a protein impurity, but its sedimentation curves were as regular as 
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those of HSM) yielding a- value for 530 of 1.7 S for Mv and 2.1 S for Mav (Fig- 2 c). 
It is not known at present whether the difference in the two values is real or 
merely indicates a need for more experimental data. Since the polysaccharide 
appeared to be homogeneous in its sedimentation behavior, and the amount 
of protein impurity was small, diffusion experiments were carried out, which, 
together with the partial specific volume of 0.619 determined by Seibert et al. 
(6), gave sufficient data to calculate the molecular weight and shape. These 
data are given in Table III. Because of the relatively low diffusion constant 
the molecular weight of the polysaccharide is greater than most values reported 
previously for tuberculin polysaccharides (14, 15). 

HP Fracliotis. — A. close similarity had been found in the sedimentation 
curves of corresponding fractions of the “v” and the “av” preparations ob- 
tained from the acetate-soluble fraction, HS, of the initial precipitation. The 
chief difference lay in the larger proportion of HS)4 found in the various 
fractions from HSv A correspondence was not found, however, among the 
fractions derived from the two precipitates, HPv and HPav. Fraction Ev 
exhibited fairly symmetrical curves with a constant of about 4.6 S, while Eav 
had scarcely any peak (Fig. 2 c). The curves for the latter spread badly, and 
the constant calculated from the maxima of the successive broad peaks was 
between 2 and 3 S. Fractions Nv and Pv, predominantly protein, but con- 
taining 5 and 15 per cent nucleic acid respectively, both had constants of 5,1 S, 
and produced curves which approached those typical of nucleic acids (16), 
having a long slope on the left-hand side (towards the top of the cell) and a 
sharp drop on the right-hand side (Fig. 2 c). Fraction Qv, 50 per cent nucleic 
acid, showed this behavior also, but here it was much more pronounced (Fig. 
2 c). The material responsible for the constant of 5 S could not be detected 
in Eav, Na„ or P-„. Since the serological work showed the HP fractions to 
contain only those proteins found in the HS fractions, none of which had con- 
stants larger than 3.5 S, the presence of this material seemed to be correlated 
with the relatively larger amount of nucleic acid in HPy, 20 per cent, con- 
trasted with the 3 per cent present in HPav This in turn was possibly con- 
nected with the length of autolysis of the two cultures, 21 weeks for the “v” 
and 9 weeks for the “av”. It should be mentioned that the material responsible 
for the constant of 5 S was not an artifact arising from the method of fraction- 
ation, as peaks with this constant were observed in Hv, the concentrated 
culture filtrate itself, and in HPv, the fraction that precipitated from acetic 
acid buffer at pH 4.4 (Fig. 2 a). 

In the sedimentation of fractions Ev and Nav (Fig. 2 c) a second, very fast 
peak could be seen. In Ev, at a concentration of 1.2 per cent, its constant was 
about 15 S, while at a concentration of 0.3 per cent its value was about 20 S. 
In N.v the peak was extremely well defined, and had a constant of 19.3 S. 
Whether the material responsible for these peaks was native to the tuberculin or 
was formed during the course of fractionation cannot be said. 
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Fig. 2 a. Sedimentation curves of preparations from unheated culture filtrates. 
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Fic. 2 6. Sedimentation curves of fractions from unheated culture atrates. 


Scale /me displacement 








E. B. BEVIXACQUA AND J. R. MCCARTER 


241 


DISCUSSION 

We have obtained in the fractionation and sedimentation of unheated tuber- 
cle bacillus culture filtrates reliable evidence of only two proteins. The first, 
HSK) can be described by its physical constants, since it was obtained in a 
relatively pure form. The second protein, present in almost all the other 
fractions from HS, was obtained free from but in all cases contaminated 
with polysaccharide. It is probable that its sedimentation constant is close 
to 2 S. The small amount of material found in fractions Ey and Nav with a 
sedimentation constant near 20 S is suspected of being an artifact. The 
substance giving the peaks with a constant near 5 S in the fractions from HPy 
appears from the immunological work to be a mixture of the proteins found 
in the HS fractions, so that it is probably not a distinct molecular species. 

The nature of the peak with sedimentation constant varying from about 
4.6 S in Hv, HPy, and Ey, to 5.5 S in Qy is not known. It appears to depend 
on the presence of nucleic acid and does not occur in the HP ay fractions. A 
peak with a constant of 4.9 S was observed by Seibert et al. (6) in sedimentation 
experiments with fractions of unheated culture filtrate which had been obtained 
by electrophoresis so that a mixture of protein and nucleic acid, nearly free of 
polysaccharide, was obtamed. They observed no such peak in the sedimen- 
tation of the whole culture filtrate, but this may have been due to the fact 
that the nucleic add content of the whole culture filtrate was quite low, 0.5 
per cent, as compared to about 5 per cent in our Hy, in which the peak, though 
small, was observable. There seems to be an increase in sedimentation con- 
stant with increasing nucleic add content in going from Ey to Qy, and there is a 
marked change in shape of the sedimentation curve, which approaches, in 
Qy, the characteristic curves for nucleic acids. Much light might be thrown 
on this question if nearly pure nucleic acid, say fraction L, were mixed with 
different proportions of the protein fractions A and HSJ^, and the behavior of 
the mixtures in sedimentation studied. Lack of sufficient material, among 
other things, prevents the carrying out of this experiment. Until further 
work is done with known mixtures of undegraded nucleic acid and proteins, 
we can observe only that a relatively small amount of nucleic acid seems to 
have a very large effect on the sedimentation constant of the protein with 
which it is sedimented. 

As to the two proteins for which there is both physical-chemical and sero- 
logical evidence, one might raise the question. Is one a degradation product of 
the other? Previous work (3) on the sedimentation and diffusion behavior of 
proteins isolated from culture filtrates which had been heated 2 and 3 hours 
and also from an O.T. preparation indicated that the sedimentation constants 
of the proteins became smaller as the time of heating of the filtrates from which 
they were obtained increased. Sedimentation experiments on an O.T. pre- 
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pared from a portion of the Hy culture filtrate, and precipitated four times 
with 0.5 saturated ammonium sulfate, have shown no indication of material 
with sedimentation constant higher than 1 S. Indeed no constant can be 
calculated as the maximum speed of the centrifuge, 60,000 r.p.m., does not 
supply sufficient driving force to sediment the material at a measurable rate. 
In none of the heated preparations have sedimentation constants as high as 
2.0 or 3.4 S been found. Yet it does not seem possible, in view of the solu- 
bility characteristics of HS34> that it is the precursor of the 2 S protein, the 
protein in the O.T., or of the proteins studied by McCarter and Watson (3). 
Our e.xperience with the tendency of HS34 to precipitate out at room temper- 
ature leads us to believe that it would be more likely to precipitate than to 
break up into smaller molecules when subjected to heat. The fact that no 
precipitate has been obtained with 0.25 saturated ammonium sulfate in an 
attempt to fractionate a 2-hour-heated portion of the Hy culture filtrate ac- 
cording to the scheme in Fig. 1 seems to bear this out, although in the sero- 
logical work, some HS34 has been found in the 2-hour-heated preparation. 
The final argument against this relationship is the fact that serologically the 
HS^ and 2 S proteins are completely distinct. There is no overlapping in 
their activities as precipitants as is often the case wilh native and denatured 
proteins. It seems probable therefore, that the proteins studied by McCarter 
and Watson and those present in the O.T. made from Hy culture filtrates are 
derived by the action of heat on the 2 S protein. It is unfortunate that neither 
time nor sufficient material has permitted experiments on the effect of heat on 
fractions such as D, A, or G. 

In a recent article Seibert (17) described certain tuberculin proteins re- 
ferred to as A and B proteins, A being the larger molecule of the two, and B 
the smaller. It would be convenient to correlate these with the and 
the 2 S proteins, respectively, described here, but tliis cannot yet be done. 
The A protein can be identified with HS34 By A is meant TPA-30b 

described in 1938 (6). The B protein may be the same as the 2 S protein al- 
though the two definitely differ in certain biological properties; two sedi- 
mentation velocity experiments carried out by one of the authors (18) on a 
sample of this protein sent by Dr. Seibert, showed fairly good peaks, giving a 
sedimentation constant, sjo, of about 1.8 to 2.1 S, which agrees with what we 
believe the sedimentation constant of the 2 S protein to be, but until sero- 
logical experiments prove the two to be the same, or we can obtain some 2 S 
protein uncontaminated with polysaccharide, no definite statement that they 
are identical can be made. The reason we prefer to identify HS34 with TPA- 
30b rather than with the more recent A protein of Seibert is the following.’ 
TPA-30b and HSM were isolated in much the same manner, they were both 
essentially pure protein material, and their sedimentation and diffusion be- 
havior, determined under similar conditions, was the same within the e-xperi- 
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' mental error of the methods. The A protein, on the other hand, is known 
principally by its electrophoretic behavior, and no data have been published 
concerning its purity or its sedimentation and diffusion constants. 

The third factor discovered in the serological work and called there the 
“third” antigen, does not appear in the physical-chemical investigations. It 
is an extremely strong antigen, so that although it is present in all the protein 
fractions from the virulent strain, except HS}4 and J, it is possibly present in 
amounts too small to be detected in the sedimentation experiments. This 
antigen is not present in any fraction from the less virulent strain. 

Ammonium sulfate as a fractionating agent leaves much to be desired in the 
case of tuberculin. If the two proteins could be freed of polysaccharide and 
yet left unaltered, their separation might then be effected by this reagent. 
Electrophoresis can do this, but at the expense of time and material. 

SUMMARY 

Concentrated culture filtrates of two strains of human tubercle baciUi, a 
virulent and a slightly virulent one, have been fractionated to give fourteen 
fractions in each case. Chemical determinations and sedimentation velocity 
measurements have been carried out on those fractions for which significant 
results could be obtained. The evidence is that two distinct proteins are 
present, in addition to a polysaccharide and nucleic acid. The physical 
measurements have not demonstrated the presence of any other proteins. 
One of the proteins has been isolated in pure form, and found to have a mo- 
lecular weight of 44,000 ± 5,000, based on measurements of partial specific 
volume, sedimentation velocity, and diffusion rate. This protein is believed 
to be the same as one previously isolated by Seibert et al. (6), who assigned it a 
molecular weight of 32,000. The other protein was not obtained sufficiently 
free from polysaccharide so that its molecular weight could be determined, 
but it is believed to have a sedimentation constant of about 2 S. Sedimentation 
and diffusion constants have been obtained for the polysaccharide, which ap- 
pears to be a homogeneous molecular species with a molecular weight of about 
20,000. The source in unheated tuberculin of the proteins obtained from 
heated preparations is discussed. 
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INTRODUCTION 

Preparations obtained from unheated culture filtrates of tubercle bacilli by 
fractionation with ammonium sulfate were sufficiently distinctive according to 
their sedimentation and diffusion diagrams (1) to warrant a detailed quantita- 
tive investigation of their serological identities. Qualitative tests had pre- 
viously indicated some differences in the precipitinogenic activities of purified 
protein derivative (P.P.D.]) tuberculins (2) prepared in different ways, and 
these variations could be correlated with different degrees of activity in elicit- 
ing skin reactions in human beings (3). It was our hope that a correlation of 
the serological and the physicochemical data would indicate, first, the number 
of proteins in unheated culture filtrates and, second, whether or not skin 
activity resided in any particular kind or condition of protein. 

By means of quantitative precipitin and precipitin absorption tests two 
distinct antigens were found among the protein fractions separated from the 
culture filtrates of both fully virulent and slightly virulent human tubercle 
bacilli: the presence in the various fractions of these two antigens could be cor- 
related with the appearance on the sedimentation diagrams of components 
with constants of about 3.4 S and of about 2 S (4). The material giving the 
higher rate was in a fraction precipitated by 0.25 saturated ammonium sulfate 
at pH 4.4 which was practically homogeneous antigenically. The fractions 
obtained by full saturation with ammonium sulfate contained only the second 
serological entity. Fractions obtained by 0.5 and 0.75 saturation were mix- 
tures of the two, according to both precipitin tests and sedimentation diagrams. 
A third antigen, and the one most active in eliciting antibody formation, was 
found only in the fractions from the virulent culture filtrate. The chemical 
and physical nature of this antigen is unknown since we have demonstrated- 
its presence only by serological means. 

That the two protein antigens were entities was shown also by another type 
of serological test; namely, the passive transfer of skin sensitivity to normal 
guinea pigs by the serum of guinea pigs sensitized to our protein fractions (4). 

* John Simon Guggenheim Memorial Fellow 19-U-43, Department of iledidne. College 
of Physicians and Surgeons, Columbia Univeraty, 
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All fractions proved to have skin activity for tuberculin-sensitive human 
beings or tuberculous guinea pigs. Thus this property cannot be associated 
with one or the other of the two protein antigens. With the antigenically 
homogeneous fractions it became possible to demonstrate that the subject 
tested rather than the kind of protein is responsible for certain differences in 
the nature of the skin reactions in human beings. To cite an e-xample, those 
persons who started to react almost immediately upon the injection of a tuber- 
culin responded early to either of the antigens. Also, a tuberculin-sensitive 
individual, whether he had active tuberculosis, or calcified lesions only in his 
lungs, or no signs of tuberculosis upon chest .x-ray, reacted alike to the sero- 
logically distinct fractions. 

The two protein antigens both proved to be capable of sensitizing the skin 
of normal guinea pigs (4) : the sensitizing doses were of the order of magnitude 
of those commonly used in skin testing tuberculous guinea pigs. However, the 
sensitization was against only the homologous fraction. The skin reactions 
differed somewhat from those in tuberculous guinea pigs in certain characteris- 
tics, the significance of which is not known. The results leave it an issue as to 
whether or not the fundamental mechanism is the same for infected and pro- 
tein-sensitized animals. Possibly a tuberculous animal gives a skin reaction 
only to a protein against which it has been specifically sensitized: if this is so, 
tuberculous human beings who reacted to the two protein antigens must have 
been specifically sensitized by both of them. 


EXPERIMENTAL 

Preparation of Fractions . — Culture filtrates were prepared both from a virulent (DT^) and 
from a slightly virulent (TB-P) strain of human tuberde bacillus. The particular cultures of 
the virulent strain used for seeding were the second subcultures from ones shown to have full 
virulence for guinea pigs. The slightly virulent strain in doses of 1 mg. inoculated subcu- 
taneously in fiinely divided suspensions produced tuberdes in guinea pigs but the animals were 
still living after a year. This culture can be identified as a tuberde badllus from its history 
of original virulence, from the fact that it had been successfully used during some 20 years to 
make the tuberculin for state cattle testing, and from the cultural characteristics of rate of 
growth and growth temperature requirements imder given conditions. 

The following synthetic medium (Henley (5)) was used to grow the organisms: 

KzHPOr-THaO 50 gm. 

Sodium dtrate, S^HoO 25 

MgSOrVHoO 40 

Glycerine 3,500 cc. 

Ferric dtrate 5.2 gnu 

Asparagine 250 

The ingredients were put into solution and added in order named and the volume made up to 
50 liters. The pH of the medium before autodaving was 7.0. The cultures were incubate 


^ The DT culture came from the Bureau of Animal Industry, and was kindly sent to us by 
Dr. Florence Seibert. The culture TB-1 also originally came from the Bureau of Anima 
Industry. 
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at 37°C. aod held at this temperature for vaijdng lengths of time after marked autolysis had 
taken place. To determine the effect of length of autolysis upon the protein content of the 
filtrates, two lots of virulent cultures were set up at different times and one held for a total in- 
cubation of 9 weeks and the other for 21 weeks. The cultures of the slightly virulent strain 
were held 9 weeks before harvesting. For investigating the effect of heat upon the protein 
content of the filtrates, cultures from the lot held 21 weeks were treated in three different ways. 
One part, the cultures from 15 of the original SO liters of medium, was made as an old tubercu;- 
lin (O.T.) ; i.e., the cultures were held for 4 hours in a steamer with the liquid about lOO^C., the 
cells filtered off through paper, and the filtrate evaporated on a steam bath with a jet of air 
blowing over the surface, to one-tenth the oripnal volume of the cultme fluid. A second part 
of the cultures from 6.5 liters of original medium was held in the steamer for 2 hours (the 
method used recently for making P.P.D. tuberculins (2)) and allowed to cool in air to room 
temperature. The third part of the culture filtrate originally representing 24 liters was not 
heated; after filtration to remove the cells it was held at 5°C. 

Cellular material was removed by filtration through paper, then coarse and finally fine 
Handler filters. The filtrates were immediately concentrated and washed by ultrafiltration 
with phosphate buffer (0.005 ir, pH 7.4 to 7.5) at 5°C. (2). Throughout the process merthi- 
olate was maintained at a concentration of 1/10,000. 

To ascertain whether we might be losing any significant constituents by ultrafiltration, 
parts of the ultrafiltrates were in turn concentrated and washed in the alundum cups impreg- 
nated with heavder cellulose acetate films. To prevent any changes wMch might occur upon 
standing in solution, all preparations were lyophilized immediately after they had been washed 
by ultrafiltration. 

Fractionation was carried out, as previously described (1), on the preparation from the 
21-week virulent culture filtrate and on that from the 9-week slightly virulent culture filtrate. 
This consisted essentially in a pteliminary partition with acetate buffer at pH 4.4, and a frac- 
tionation of both acid supernatant and precipitate with ammonium sulfate to give successively 
precipitates at 0.25, 0.5, 0.75, and full saturation.* Estimations of protein, polysaccharide, 
and nucleic acid contents were made on each fraction as previously described. These frac- 
tions were used for detailed serological investigation. 


* The fractions will be given here the same designations as in the first paper of this series 
(see Fig. 1 (1)). The following fractions were obtained from the add supernatant: 
from the part predpitated in a preliminaty treatment with 0.5 saturated ammonium sulfate 
at pH 7.2 

B by treatment with acetate buffer at pH 4.4 

BSyi by 0.25 saturation with ammonium sulfate at pH 4.4 

G “ 0.5 " “ “ “ “ “ 4,4 

K “ 1.0 “ “ “ “ « “44 

from the part soluble in 0.5 saturated ammonium sulfate 
A by 0.75 saturation with ammoniuni sulfate at pH 7.2 

/ “ 1.0 “ “ “ “ « « 4 4 

il soluble in 1.0 saturation with ammonium sulfate at pH 4.4. 

The other fractions were predpitated from the add predpitate as follows: — 

E by 0.2S saturation with ammonium sulfate at pH 7.2 
N “ 0.5 “ “ “ “ « II It 


P “ 0.75 
Q “ 1.0 


4.4. 


The subscnpf* v" identifies the fractions from the virulent culture filtrate and“av” those from 
the shghUy virulent. 
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Atstiscrnm rreparaiion . — Antisera were produced against certain of the fractions by the 
intracutaneous injection into rabbits of the materials at 3 day intervals to a total of approxi- 
mately 100 mg. of protein per animaL 

Specific Precipitciion . — The fractions ^vcrc characterized as to their antigens by determin- 
ing the amounts of specific precipitate nitrogen with the procedures of Heidelberger and 
Kendall (6) and Heidelberger, Kendall, and Soo Hoo (7). All precipiLitions and operations 
were carried out at O-S^C. The amounts of fraction protein nitrogen used as precipitants 
were tlie smallest quantities which would give mxxinial predpitates as based on preliminary 
tests; one-half tliese amounts of antigen were used for all succeeding absorptions. The first 
precipiLates were taken out after 48 hours and subsequent absorptions were each held for 1 
week. ^VIl antisera had been tested for polysaccharide antibodies with the carbohydrate 
we had isolated from the virulent culture filtrate (fraction M) and with one of those 
obtainedfrom tubercle badlluscells’by Heidelberger andMenzel (8). A few sera showed very' 
slight precipitates with polysaccharides; they were preliminarily absorbed with the cell polysac- 
charide, 5 jug. per cc. of antiserum: this quantity was sufficient to absorb the poly 3 .iccharide 
antiboefies but small enough not to cause predpiLation of protein antibodies by the con- 
taminating protein. 


RESULTS 

When the fractions from the unheated virulent and slightly virulent culture 
filtrates were tested with an antiserum against the unfractionated unheated 
virulent culture filtrate, at least three serological entities were found. The 
results are shown in Table I. The combined quantitative and absorption data 
show that tlic Jav and the HSM* fractions are distinct and that the Pv fraction 
contains at least one other antigen. 

Further evidence that the isolated fractions and Jav are different anti- 
genically is provided in the data in Table II. The use of the O.T. antiserum 
as a source of antibodies for the “saturated” antigen® was justified by the fol- 
lowing considerations, and thus in the preparation of the antiserum inroads did 
not have to be made into the small yields of the J fractions. The O.T. con- 
tained none of the 0.25 antigen® as even large amounts failed to cause precipi- 
tation in the antiserum. The small amount of precipitate obtained with 
the Jav fraction in the antiserum can be explained by assuming a slight 

admixture of the “saturated” protein in the HS 34 preparations: this has been 
later corroborated by otlier types of biological tests. This would e.xplam why 
relatively large amounts of HS fractions brought down precipitates in theO.T . 
serum while small quantities did not, and also why long continued absorptions 
widi HS34 fractions will eventually exhaust the O.T. antiserum of precipitins 
for the J fractions. 

^ Their label “520B2'^ From their figures tliis polysaccharide contained 3.25 per cent 
nitrogen. 

■* Since the yield of the fractions was so small, and since the sedimentation pictures 

and preliminary precipitin tests indicated the protems were similar, the v and av fractions were 
combined and are referred to as 

® The antigen present in tlie HS fractions will be referred to as the 0.25 antigen, that in t le 
J fractions as tlie “saturated,” and the other one present in the Py fraction (Table I) will be 
called the third antigen. 
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The much greater antibody-eliciting potency of the third antigen present in 
the Pv fraction (Table I) and the further differentiation of this antigen from 
the 0.25 and the “saturated” antigens are indicated in Table III. The large 
amount of antibody for this third antigen in the serum described in the table 
made possible its detection without the use of absorbed sera or quantitative 
tests, but the quantitative data show strikingly its relative antigenic power. 

TABLE I 

Ainottiifs <1/ Precipitates Formed When Three Different Protein Fractions Were Added to an 
Antiserum Prepared by Injecting Unheated Unjracitonated Ultrajiltered Culture 
Filtrate of Virtdenl Tubercle Bacillus 


Antisenun* 

Fraction used 
as precipitant 

No. of 
absorption 

Precipitant pro- 
:em N added per 

cc. antiserum 

N precipitated per cc, 
antiserum 






Unabsorbed 

Py 

1st 

mSm 

210 



2nd 


60 



3rd 


30 



4th 

50 

30 



Sth 

50 

0 

U 

Jar 

1st 

80 

40 



2nd 

40 


Absorbed with Jay 

HSM 

1st 

180 

40 



2nd 

90 

+ 

Absorbed with Jay and 

Py 

1st 

10-100 

Significant amount of 

then with HS34 




precipitate not de- 
termined quantita- 
tively 


* For absorption with the Ft fraction 6 cc. of antiserum were used and with the J^t, 5 cc. 
JLess than 10 /jg. 


The data thus reveal the presence of a major antigen in the fractions, 
another in the J^v fraction, a combination of these two in the Av fraction, and 
a third antigen in the Ay and Py fractions from the virulent culture filtrate. 

To assay all the fractions from the virulent and slightly virulent culture 
filtrates, three antisera were used; namely, (1) to test for 0.25 antigen, anti- 
serum to HS}<i with small amount of antibody to “saturated” antigen absorbed 
out with J„; (2) to test for “saturated” antigen, antiserum to Aay, absorbed ■ 
with 11834; (3) to test for the third antigen, antiserum to unheated unfraction- 
ated virulent culture filtrate, absorbed with HS34 and with J^y. 

Ihe results presented in Table IV indicate that in general fractions obtained 
by 0.25 saturation with ammonium sulfate contained the 0.25 antigen, like- 
wise those precipitated by saturated ammonium sulfate had the “saturated” 
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TiVBLE 11 


Ainouiits of Precipitates Formed in llomologons and Cross-Reactions of 0.25 and “Saturated’’ 

Antigens in Their Antisera 


Substance used to 
produce antiserum 

Substance used to 
absorb antiserum 

SubsUincc used 
as precipitant 

No. of 
absorption 

Precipitant pro 
tcin N added pe 
cc. antiserum* 

N precipitated 
per cc. anti- 
serum 




■■ 

OS- 

OS- 

HSM 


HSM 


10 

90 





5 

10 





5 

0 





8 

+ 




5 th 

S 

+ 

tl 


Ja. 

Jst 

n 

10 




2nd 

0.5 

0 




3rd 

0.5 

0 




•kh 

0.5 

0 

(( 


O.T.v unfrac- 


160§ 

0 



tionated 


I6§ 

0 

O.T.v unfrac- 


Jav 

1st 

30 

30 

tionated 



2nd 

15 

+ 




3rd 

15 

+ 

t( tt 


HSK 

Jst 

90 

20 




2nd 

45 

+ 




3rd 

45 

+ 




4tli 

45 

+ 




5th 

45 

0 

it tt 

JftV 

HSM 


SO 

0 

1C tt 

HSJ4 3 times 

JttV 


5 

++II 

it (f 

HS)^ 5 times 

Jav 


5-50 

0 


* For each set of absorptions 3 cc. of eacli antiserum were used. 

J Larger ratios of antigen to antibody gave no precipitate and were undoubtedly iu tli® 
antigen excess zone. 

§ Nitrogen of portion precipitable by alum. 

II Not determined quantitatively. 

antigen, and those obtained by 0.5 or 0.75 saturation had both antigens. Ihe 
third antigen was present in all the preparations from the virulent culture 
filtrate except in HS34 and in J. Thus Jv and Jav have the same antigenic 
constitution, as well as HSMv and HSM»v. 
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TABLE m 

Comparative Amounts of Precipitates Formed by the Three Antigens in an Antiserum against 

Fraction Ar 


Fraction used as precipitant 

Precipitant protein N added per cc. 
antiserum 

N precipitated per cc. 
antiserum 

HSK 

Jav 

Pv 

Av 

Ut. 

80 

80 

160 

160 

us- 

45 

++* 

730 

740 


* Not determined quantitatively but approtdmately same visible amount of precipitate 
•as yielded by 


TABLE IV 


The Distribution of the Three Antigens in the Fractions from the Virulent and the Slightly Virulent 

Cidture Filtrates 


Fraction used as 
precipitant* 

Antiserum against 

0.25 antigen 

“Saturated” antigen 

Third antigen 

hsi4t 

+ 

0 

- 0 

G, 

+ 

“h 

+ 

At 

+ 

+ 

+ 

Jr 

0 


0 

Kr 

0 

+ 

+ 

E, 

+ 

0 

+ 

N. 

+ 

4" 

+ 

Pt 

+ 

-f 

+ 

Qt 

0 

0 

+ 

Gst 

+ 

+ 

0 

A.. 

+ 

4* 

0 

Ja. 

0 

+ 

0 

Na. 

+ 

+ 

0 

Pa, 

+ 

+ 

0 


* For each individual test quantities corresponding to 0.15 cc. of undiluted antiserum were 
used. The amount of fraction protein used as antigen varied with the particular antiserum: 
in general it was twice as much of the fraction protein to be tested as of the homologous frac- 
tion which would give maximal precipitate with the antiserum. This quantity was always 
considerably less than the amount of homologous fraction which would be in the antigen 
excess zone. For the 0.25 antibody the ratio was 300 Mg. of fraction protein per cc. of serum; 
for the saturated antiserum 500 us- of protein; and for the “third” antibody 100 ng. of pro- 
tein. Negative results were checked with a range of dilutions of each fraction. 
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The individuality and the antigenicity of the 0.25 and “s:ituratcd” antigens have been 
demonstrated also by skin tests on botlj actively and passively sensitized guinea pigs. For 
active sensitization Jy was injected into seven guinea pigs. Fifty doses of protein were 
given intracutancously on the belly in 0.1 cc. volumes at 5- to 6-week intervals. Small but 
definite skin reactions appeared in response to the second injections and the inflammation 
elicited increased markedly' up tlirough the fourth injections. When it w.as judged that the 
animals would give ma.ximal skin reactions, they were tested witli the sensitizing fraction and, 
72 hours later, with one heterologous antigen. To control the effect of one injection on the 
succeeding injection, the tests were repeated. An animal thus received four injections, two of 
homologous and two of a heterologous fraction, with 72 hours between each injection. The 
solutions were put in intracutancously on the llank and as usual in a volume of 0.1 cc. Reac- 
tions in the skin of the flank have better definition than those in the abdominal skin. Only 
one fraction was given at a time since previous work on animals sensitized with heat-killed 
tubercle bacilli had indicated that the skin re.iction to one fraction might be inhibited by]the 

TABLE V 


SpccificHy oj Skin Reactions in Guinea Pi^s Actively Sensitized with Fraction J- When Tested 
with the 0.25 and “ Saturated” Antigens 


.•\ninial No. 

Test fraction 

rVmount of test fraction 
protein injected 

Xo, of previous 
injections of Jy 

Skin reactions after 

IS hrs.* 



pf. 


mm. 

1 

Jv 

10 

Si.'c 

21 X 21 (X 2) 


By 

20 


7 X 7 (X 1) 


Jv 

2 


9 X 9 (X 1.51 

2 

1 

By 

20 

Three 

10 X 10 (X 1) 


Jv 

20 

1 


2SX26 (X2.5) 

3 

Mr 

* 1,000 (polysacchar- 

Four 

22 X 22 (X 2.5) 



ide)l 




Jv 

50 


23 X 23 (X 3) 








* The dimension in parentheses is the height of the inflamed area estimated for com- 
parative purposes by measuring the thickness of the doubled skin at the center of tlie reaction 
and dividing by two. 


J Estimated from N content to contain about 50 nS- of protein. 

simultaneous injection of anotlier fraction. The reactions to two equal doses of tlie same 
fraction given 144 hours apart were of approximately the same intensity and therefore the 
metliod of comparing fractions by injecting tliem 72 hohrs apart was deemed sufficiently 
accurate. 

Typical results appear in Table V.® All the skin reactions started almost 
immediately with erythema, edema, and slight purplish discoloration at the 
center. They reached their height at 18 to 19 hours when they showed slight 
erythema, rather firm edema, and lavender to reddish purple centers not over 
3 mm. in diameter. By 48 hours the reactions had almost disappeared. (How- 

® Note that By was used in place of HSj4 since our supplies of the latter fractions were in- 
sufficient. Serologically the B fractions were similar to B.S14 and physical chemical data. 
indicated the B fractions to be slightly denatured HSJ^. 
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ever, it should be noted here that a stronger reaction was obtained in one 
guinea pig sensitized with By in the same way as the Jv animals. In this 
particular animal 100 ng. were given for the fourth sensitizing dose, and the re- 
action was still marked, although decreasing, at 48 hours, and had an ulcerated 
center 10 mm. in diameter.) The reactions varied in general from those seen 
in animals sensitized with tubercle bacilli in that the amount of central necrosis 
was relatively small compared to the volume of the edema, although reactions 
have been seen in guinea pigs sensitized with heat-killed tubercle bacilli which 
reached maximal size at 24 hours. At that time also the latter reactions could 
not be distinguished by their other characteristics from simultaneous reactions 
in the animals sensitized with the Jy fraction. 

The primary injection of a fraction into the normal animal served as a con- 
trol on the toxicity of the substance and on the condition of the guinea pig 
with respect to tuberculous infection. The usual response was an almost 
colorless edema, not over 10 mm. in diameter, which appeared almost im- 
mediately and lasted for only 6 to 8 hours. One animal was regarded as sus- 
picious because it gave a primary reaction of slight, almost colorless edema 15 
mm. in diameter at 18 hours. The subsequent reactions of this animal gave 
no indications that it was tuberculous and the conclusion was drawn that the 
toxic action of Jy varies slightly with the animal. 

For making serological tests small amounts of serum were taken from each 
Jy-sensitized animal and from animals sensitized similarly with the fractions 
Jav, Gy, Gay, and By. Trial bleedings were made at yarious intervals but the 
most potent sera were obtained when the blood was taken about a week after 
an injection which had resulted in a maximal skin reaction. Precipitins could 
not be demonstrated in these sera but the presence of antibodies was made 
manifest by the moderately large skin reactions obtained when the sera were 
injected into the skin over the flanks of normal guinea pigs and the fractions 
injected 48 hours later. This type of reaction has been shown by Chase (9) to 
be given by guinea pigs injected with the sera from rabbits and guinea p gs 
sensitized with various proteins such as horse serum, and has been fully de- 
scribed more recently by the same author (10). The details of some of these 
passive transfer reactions with the sera of sensitized guinea pigs are given in 
Table VI. 

Quandties of 0.1 or 0.15 cc. of the undiluted antiserum were injected into the skin of normal 
guinea pigs in ^e weight range of 250 to 300 gm. Animals of this size have been found to 
give optimal skin reactions of this type. When the fractions were given subcutaneously they 
were put over the bdly and when intiacutaneously they were put in locally as closely as pos- 
sible to the site of injection of the antiserum. IVhere injecUons of two different fractions 
were given successively, the interval between was that denoted in the table as the time when 
the rcacUon to the first injecUon was negaUve. In the case of the last animal in Table VI the 
injccUons of the two anUsera were made in the same animal and the reactions were simultane- 
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Tlie data in Tables V'atid VI again indicate that the 0.25 and the “saturated” 
antigens are distinct, and that both have about the same potency as anti- 
body-eliciting substances. 'I'he animals actively sensitised with the J fractions 
gave only slight skin reactions to the Bv fraction and the serum from the J- 

T/VBLE VI 


Skill 2'esls Showing Lack of Cross-Reactions to Fractions in Passhely Sensitised Guinea Pigs 


No. of 
guinea pig 
donor 

Fraction 
used to 

Test 
guinea 
pig No. 

Test 


Route 
of in- 
jection' 

Skin reaction 

sensitize 

donor 

fraction 

protein 

Time when 
maximat 

Size in nun. and colorf 


miin 





hrs. 


‘I 


40 

u 

30 

SC 

0.42 

42 X 37 vfp- (-f +) 

4 


41 

Bv 

30 

(t 

2 

0 


■jH 

1 

Jay 

30 ' 

U 

0.5 

1 

27 X 21 vfp (-h) 

5 


50 

1 

Jv 

1 

30 

- tt 

1 

0.25 

31 X 31 v/p-b (-!-++) 

5 

MB 

51 

1 

Bv 

30 

tt 

1.17 

0 


1 


Jv 

30 

“ 1 

0.2S 

32 X 32 vfp- {+) 

0 

1 Bv 

60 

Bv 

30 

<» 

0.58 

\ 

57 X 38 fp (-b- 1-+) 

6 

' Bv 

1 

61 

J.V 

30 

1 

1 (( 

0.3 

22 X 22 fp (±) 

6 

Bv 

i 

62 

1 

Jv 

1 30 

(C 

1 

1 

0 


1 

1 

1 


Bv 

10 

ft 

3.5 

45 X 35 aids (-b+) 

7 

I 

1 Gv 

I 

t 

70 

Jav 

10 

ic 

3 

IS X 17 vfp {-b-b+) 

7 

1 Gv 

1 

71 

Bv 

10 

ft 

0.2 

25 X 14 vfp (-b-b) 

7 

1 Gv 

72 

Gv 

100 

sc 

0.42 

33 X 29 vfp- (+) 

8 

Gav 

72 

tt 

ft 

if 

tc 

35 X 30 vfp— (-b) 


*sc = subcutaneously; ic = intracutaneously. 

} The number of -4-'s in parentheses is an estimation of the relative height, since measure- 
ment of height would have disturbed reaction, v = very; f = faint; p = pink; al = almost; 
els = colorless. 

sensitized guinea pigs transferred no sensitivity to the Bv fraction. Conversely 
the serum from the animal sensitized with the Bv fraction transferred to one 
animal a very slight sensitivity to the J fraction. Thus the data gave cor- 
roboration that the HSJ<i has a small admixture of the “saturated" antigen- 
The G fractions were further shown to have both the 0.25 and the “saturated 
antigens. The serum from the Gv- and that from the Gav-sensitized anima 
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transferred about the same degree of sensitivity to the Gv fraction. That is, 
the third antigen had not been effective in producing antibodies in the Gv 
guinea pig probably because such small amounts were given. From the tests 
in the actively sensitized animal the protein in the Mv fraction, the one made 
up almost entirely of polysaccharide, appeared to be the same as that in the 
Jv fraction. 


DISCUSSION 

A close correlation exists between the results of the serological investigations 
and the sedimentation studies reported in the previous paper (1) in demonstrat- 
ing the presence of the 0.25 and the “saturated” antigens in the various frac- 
tions separated from the filtrates of both the virulent and the slightly virulent 
cultures. However, the precipitin test is the more sensitive method, since it 
revealed the presence of two proteins in the Gav fraction which upon sedimenta- 
tion was not resolved into two peaks. (The peaks for both the 3.3 S and the 
2 S proteins do appear in the sedimentation diagrams of Gv, Av, and Aav.) 

These two antigens are proteins according to their behavior in sedimentation 
and in specific precipitation: that is, the mass of a fraction being sedimented as 
determined from the area under the curve and the quantity of the fraction 
necessary to bring down a given amount of specific precipitate N can both be 
conelated with chemically determined protein content. Although certain 
of the fractions, notably Jv and Jav, contain considerable percentages of poly- 
saccharide, nevertheless the evidence is that the antisera prepared against the 
fractions are not directed to any measurable extent against their polysaccharide 
moiety. Thus, although the polysaccharide in the fractions will react in the 
horse antiserum (No. 5807L) (8) made against dead tubercle bacilli, the rabbit 
and guinea pig antisera prepared by injecting the fractions do not react with 
the polysaccharide in fraction M or with a polysaccharide from dead tubercle 
bacilli. 

The two antigens are probably uniformly present in unheated culture filtrates 
of human tubercle bacilli: we have demonstrated their presence in 9- and 21- 
week old culture filtrates of a virulent strain and in the 9-week filtrate of a 
slightly virulent one. The HS34 fractions from the three different filtrates 
were shown to be the same in sedimentation behavior in the ultracentrifuge, 
and to be the same as the one isolated by Seibert et al. (11). 

The third antigen was found by means of the serological tests in both the 
9-week and the 21-week culture filtrates of the virulent strain. Its nature 
and significance are not known. No evidence of its existence is found on the 
sedimentation diagrams of any of the fractions. Its presence is not correlated 
with the nucleic acid content of the fractions: although it is present in culture 
filtrates high in nucleic acid, it is absent from the Jv fraction which contains a 
large percentage of nucleic acid. It is probably present in very small quantities 
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in the fniclions us relulively lurge amounts ot the latter were required to bring 
about precipitation of the ant body to this antigen; furthermore, it did not 
sensitize the guinea pig injected with small quantities of the Gv fraction. This 
third antigen can cause errors in testing for the two known protein antigens 
unless its antibody has been demonstrated not to be present in the serum being 
examined. 

These three antigens appear to be the major ones of unheated tubercle ba- 
cillus culture liltrates. Serological attempts to demonstrate others in either 
the crude preparations or the fractions were unsuccessful. The ultrafdtrates 
from the ultrafiltered culture liltrates when in turn concentrated by ultra- 
liltration had very weak skin activity for tuberculous guinea pigs and ^Yere 
therefore not studied further. 

The ITSJ<t and the J fractions give a typical tuberculin type of skin reaction. 
This would seem to be the reason why O.T. can be used for intracutaneous 
testing even though the IlSj/t protein is labile to heat. In cultures heated for 
2 hours the 0.25 antigen could be demonstrated in two ways: tlie antiserum 
against the ultraliltered but unfractionated culture liltrate contained anti- 
bodies for and the same heated culture fdtrate was precipitated by the 
antiserum against HSj^. The “saturated” antigen was also present and in 
much larger percentage in the 2-hour-heated preparations. In the culture 
filtrates heated for much longer periods to make a true O.T., however, the 0.2o 
antigen was absent altliough the “saturated” antigen remained and could 
still stimulate antibody formation. Undoubtedly much of the 2 S protein is 
changed markedly during the heating process because the material remaining 
in solution when the O.T. was fractionated with acetate buffer at pH 4.8 could 
not be sedimented at a measurable rate in the Svedberg u tracentrifuge. Ihe 
acid precipitate was inhomogeneous upon ultracentrifugation. Thus tlie re- 
maining protein must be denatured, but neverthe.ess some of tlie 2 S protein 
remained active and recognizable antigenically. (The third antigen was also 
heat-stable as its presence was determined serologically in the O.T.) 

It is possible that the protein remaining in o d tuberculins is denatured ‘ satu- 
rated” or 2 S protein most of whicli is partially degraded. A fraction separated 
by Seibert from an O.T. was barely resolvable in tlie ultracentrifuge and proved 
to be relatively homogeneous with a constant of 1 S (S).'^ 

The skm activity of the 1 S protein separated by Seibert from O.T. is quanti- 
tatively difierent from that of a fraction separated from a 2-hour-heated culture 
filtrate (the filtrate in this case being different from tlie one used to make tlie 
O.T., however) (3). When our O.T., 2-hour-heated tuberculin, and unlieate 
culture filtrate, all concentrated and washed by ultrafiltration and all origi- 
nating from the same culture filtrate, are compared on a nitrogen basis in skin 

’’ P.P.D. 67-2. 
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tests on tuberculous guinea pigs, the unheated material is slightly stronger 
than the 2 hour-heated preparation and both are much more potent than the 

O.T. or even t h ^ n the most active protein fraction made from the O.T. The 
greater potency of the unheated or 2-hour-heated proteins is not a desirable 
feature in a practical testing agent since all actively tuberculous human beings 
will react to the 1 S O.T. preparation (3). The unheated proteins have the 
disadvantage moreover of sensifeing the skin when given in very small doses 
whereas the 1 S protein is not antigenic (3). 

As to the nature of the active skin agent in tuberculins, we must conclude 
that two completely different but equally potent proteins are present in the 
culture filtrate, or that the 3.4 S protein and the 2 S protein have a common 
skin-reactive grouping which does not influence the antigenic specificity of 
either one, or that some active substance is precipitated equally with both 
proteins. 

The HSJ4 fraction is shown to be a good precipitant in comparison with 
other known bacterial proteins: with 10 fig. of protein N 90 fig. of N were pre- 
cipitated from 1 cc. of antiserum. The third unknown antigen is the best known 
precipitinogen among tuberculin or tubercle bacillus constituents in that about 
700 fig. of specific precipitate N was brought down by about 150 fig. of fraction 
protein N so that more than 550 fig. of precipitate N must have come from 
the antibody. 


SUMMARY 

1. Only two serologically different proteins were found in- the unheated 
culture filtrates of both virulent and slightly virulent tubercle bacilli. One 
of them was the protein which had a sedimentation constant of 3.4 S, and the 
other was in filtrate fractions with a constant of 2 S. 

2. That these proteins were distinct was demonstrated by three methods: 
quantitative precipitin and precipitin absorption tests with rabbit antisera, 
skin tests in guinea pigs actively sensitized with the culture filtrate fractions, 
and skin tests in passively sensitized guinea pigs. 

3. A third antigen of unknown nature was found by means of the precipitin 
tests, but only in certain fractions from the virulent culture filtrate. 

4. The protein with the constant of 3.4 S could not be demonstrated sero- 
logically in an O.T. made from the same culture filtrate as the unheated prepa- 
ration from the virulent organism. 
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Many studies with multicellular organisms have shown that the multiplica- 
tion of virus depends on the nutrition of the organism. A certain dependency 
was to have been expected, but the specific character of this dependency has 
proven unpredictable in many cases. For example, thiamine deficiency dimin- 
ishes the susceptibility of mice to some strains of poliomyelitis virus (1), but on 
the other hand lowers the resistance of pigeons to psittacosis (2). A study of 
these specificatio ns may be expected to provide important clues to the mecha- 
nism and control of a particular viral infection. 

The purpose of the present studies has been the investigation of methods by 
which nutritional requirements can be detected. The knowledge that a metab- 
olite is required suggests the use of an antimetabolite which will interfere with 
the process. This thesis has been well developed by Wooley (3) and others, and 
provides a rational approach for chemotherapeutic investigation. In the pres- 
ent series of studies, the effect of two antimetabolites specific for determined 
requirements has been shown to interfere with virus multiplication, illustrating 
again the validity of this approach. Some studies of the effects of organic com- 
ponents of a medium on bacteriophage production have aheady been made by 
Wahl (4) and Spizizen (5, 6). These studies, in addition to the previous experi- 
ence in this laboratory, made it expedient to use the technically favorable and 
uncomplicated Escherichia coli-TZ bacteriophage system. 

Evidence of the dependence of virus synthesis on the constituents of the 
medium of the host cell has been presented (7). It has been shown that E. coli 
infected with T2 virus assimilate the nitrogen and phosphorus of the simple 
medium F at a considerable rate. The metabolism of phosphorus is directed 
exclusively to the production of the phosphorus-containing compound of T2, 
deso.xyribose nucleic acid. Using radioactive phosphorus, it was also shown 
tliat most of the phosphorus in the synthesized virus is derived from the medium 

• The work described in tliis paper has been aided by the Office of Naval Research. 
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after infection. Other studies (7) including those described below indicate that 
similar relationships prevail for the utilization of the carbon and nitrogen of the 
medium. 

It has been shown previously (S) that E. coli do not multiply after infection. 
Therefore, it is considered, pragmatically, that those compounds found to in- 
crease the number of virus particles produced or rate of production are those 
which are used in virus synthesis. This does not preclude a rapid organization 
or turnover by the bacterial cell of the material which, under normal conditions, 
might be used for its own growth and multiplication. 

Two metliods of determining whether a specific compound is involved in virus 
synthesis have been previously described. First, analysis of the T2 virus 
showed deso.vyribose nucleic acid, arginine, tryptophane, and tyrosine to be 
virus constituents (8). A more complete anal^'sis may be presumed to give a 
wider scope to the choice of an antimetabolite. Second, an antimetabolite was 
tested for inhibition of virus synthesis. Reversal of the inhibition with the 
specific metabolite indicates that it is required for synthesis (9). In the course 
of studies with 5-methyl tryptophane, a specific antagonist for tryptophane 
utilization (9), two interesting effects were observed in addition to the confir- 
mation that tryptophane was essential for virus synthesis. First, it was shown 
that it is possible to determine at what time during tlie latent period of multi- 
plication within a host cell a compound is required, and secondly, infectious 
centers were irreversibly destroyed by the action of the compound after a certam 
period of inhibition of virus multiplication. 

This paper presents a tliird method of determining whether a specific com- 
pound is required for virus synthesis; i.e., the effect of addition of a specific 
compound to the system in a condition suboptimal for virus synthesis. The 
times required for multiplication of T2 virus witliin a host cell are almost the 
same if the cell is grown and infected in either a comple.v medium such as nutri- 
ent broth or in a simple synthetic medium containing glucose (10) or lactate (9) 
as a carbon source. This does not mean, however, that the latent period is 
independent of the nutrients present in the medium, since these systems contain 
two independent and compensating variables. It is possible that bacteria 
grown in the absence of external amino acids have greater abihties to synthesize 
these compounds than bacteria grown in a complex medium, such as broth. 
That the latent periods for these two systems are identical may mean that the 
rates at which components of virus are made available for organization, in the 
one case by synthesis, in the other by absorption, are identical. 

When the multiplication of virus is followed in a system with just one vari- 
able, i.e. the composition of the medium, the dependence of virus synthesis on 
the composition of the medium is readily observed. Escherichia coli grown m 
broth and transferred and infected in a simple synthetic medium show a much 
longer latent period and a much smaller burst size than the same bacteria in- 
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fected in broth. The simple medium may be supplemented with various com- 
pounds. A study of the time required to liberate virus and of the number of 
virus particles synthesized, as compared to the unsupplemented medium, indi- 
cates whether or not the particular compound is a rate-determining factor in 
virus synthesis under these conditions. Many substances were found to stimu- 
late synthesis, but no single supplementary compound was found which approxi- , 
mated the rate and amount of virus synthesis characteristic of broth. 

It has been proposed (11, 12) that virus synthesis is the autocatalytic 
conversion of preformed cellular protein into virus. If this were the case, the 
number of steps in the process of synthesizing active virus from inactive pre- 
cursor would be expected to be very few and to involve the specificities of large 
molecules. The control of this type of process might be very difficult. We 
have found, however, that synthesis of virus depends on the presence of simple 
compounds in the external environment of the host cell. It would seem that a 
great many syntheses of relatively simple compounds are essential stages in 
virus multiplication. Such a process should be susceptible to inhibition by a 
wide variety of antimetabolites. 

Materials attd Methods 

Escherichia ccli B was subcultured monthly to Difco agar nutrient broth slants. From 
these, weekly subcultures were made. Cultures were made by inoculating broth medium, con- 
taining 8 gm, of Difco nutrient broth and 5 gm. of NaCl per liter of distilled water, vdth bac- 
teria from a slant and aerating at 37°, overnight. At the end of this time, the culture con- 
tained about S X lO'* viable bacteria per cc. 0.05 cc. was transferred to 10 cc. of fresh broth 
and grown to about 5 X 10^ bacteria per cc. with aeration at 37°. The broth cultures were 
then centrifuged, washed twice in a simple defined (8) naedium (F), and resuspended in F, F 
plus a supplement, and N. Bacteria treated in this way were designated B^r-F, and Bjv-N, the 
subscript indicating the medium in which the bacteria were grown and the large letter the 
medium in which they were resuspended. The resuspended bacteria were infected with a 
purified T2r''' concentrate prepared from F mediiun or broth lysates (13, 14). All T2 virus 
referred to in this paper was the r'*' type. The liberation of virus in the same host cells in differ- 
ent media was followed by the one-step growth technique of Delbriick and Luria (15) using the 
spreading and layer modification of Hershey ei al. (16). 

EXPERIMENTAL 

Bacteria grown in N and infected in N (Bn-N) liberate virus consistently at 
20 to 22 minutes with a burst size or yield of virus particles per infected cell of 
from 80 to 200. The same bacteria resuspended in F (Bn-F) do not start liber- 
ating virus until at least 40 minutes and in some cases as late as 70 minutes after 
infection. The burst size in F has been found to vary from 5 to 30. An experi- 
ment of this type is presented in Fig. 1. 

Other evidence that B^-F are deficient in their synthetic capacities is obtained 
from studymg the turbidity curves of Bn grown in N, washed, and resuspended 
in N and F. Fig. 2 shows that Bn in F has a much slower growth rate than the 
same bacteria in broth. 
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The cfTect of the clifTerent constituents in F medium was determined by pre- 
paring a series of F media each lacking a single constituent. The total concen- 
tration of all other ions was kept appro.Kimately constant by tlic addition of 
appropriate salts. Table I gives the details of this experiment. 

It may be seen in Fig. 3 that an external source of nitrogen and carbon is 
essential for virus synthesis. Virus liberation and yield seem to be almost inde- 



Fio. 1. One-step growth curves for broth-grown bacteria in the broth and F media. 

pendent of added sulfate. The absence of external phosphate severely limited 
virus multiplication, decreasing the yield of virus and significantly increasing 
the latent period. The absence of magnesium was also found to limit virus 
syntliesis. 

In connection with the apparent lack of a sulfur requirement, it must be noted 
that the other constituents of the medium may be sufficiently contaminated 
with- sulfate to obscure a minimal need. Chemical test for sulfate in the de- 
ficient medium was negative, liowever. Nevertheless, methods to be reporte 
(17) have shown a definite methionine requirement in this system. 
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A 7 nino Acids.—All of the naturally occurring amino acids were tried, singly, 
as supplements to F. Those amino acids which consistently gave stimulation 
were /(+)-isoleucine, /(— )-phenylalanine, /(+)-aspartid acid, l( )-proline, 
;(-j-).lysine, /(+)-valine, l(+)-argmme, and f(+)-glutaniic acid. Some of 
these results are presented in Figs. 4 and 5. At 25 mg. per cc. these compounds 
or their racemic mixtures caused a decrease in latent periods and slight and 
somewhat variable increases in burst size. The most marked stimulatory effect 
was noted with glutamic acid. The latent period in F supplemented with 25 



Fio. 2. Increase in turbidity of cultures of broth-grown bacteria in the broth and F media. 

mg. per cc. of l(-}-)-glutamic add was about 35 minutes, which in some cases 
was nearly 40 minutes shorter than the time required for infected cells in F 
medium alone. The hurst size was frequently not increased but with a few 
cultures of bacteria was 4 or 5 times the control in F. Glutamine did not 
appear to be stimulatory. 

f-tyrosine, f-histidine, and d( — )-valine, or df-valine did not give reproducible 
stimulation. Certain amino acids were without effect. These included gly- 
cine, f(+)-alanine, Jf-threonine, J/-methionine, and /(— )-tryptophane. 

In contrast to these, )-leucine and /( — )-serine inhibited virus synthesis. 
/(— )-cystine and f(— )-cysteine were toxic; i.e., not only was virus not liberated 
but the number of infectious centers rapidly decreased. 

The inliibition by /(— )-leuctne was completely overcome by tf/-valine, dl- 
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isoleuciiic, or rf/-norlcucine (Fig. 6 ). When one of these Rmino acids was added 
at 25 7 per cc. to infected bacteria in the presence of 25 7 per cc. of /(— )-leucine, 
even more virus was liberated and more rapidly than in infected bacteria in F. 

TABLE I 


The EJJccl of Omission 0/ Single Constituents of P on Virus Multiplication in ByF 


Time 


min. 

-90 

0.10 cc. 24 hr. culture of Bji inoculated into lOcc. N. Incubated at 
37“ with aeration. (B) 


Removed six 2 cc. aliquots. Centrifuged 10 min. at 4000 E.p.ii. Bac- 
teria were suspended in: 

Tube 1 in 2 cc. F 

Tube 2 in 2 cc. F without Mg^*" 

Tube 3 in 2 cc. F without lactate" 

Tube 4 in 2 cc. F without SO" 

Tube 5 in 2 cc. F without PO“ 

Tube 6 in 2 cc. F without NHJ" 


Centrifuged 10 min. Repeated twice. 
iVssaycd B 


0 

5 

6 

0.90 cc. tubes 1-6 -{- 0.10 cc. T2r'*’ 

0.10 cc. a-f -F 9.9 cc. appropriate medium 
0.10 cc. 5a-5f -{- 9.9 cc. appropriate medium 

Tubes a-f 

Tubes 5a-5f 

Tubes I-VI 

9 

1.0 cc. I and III in centrifuge. Centrifuged 5 
rain. 


10 

Assayed I- VI 


14 

0.8 I-VI + 3.2 cc. appropriate medium 

Tubes VII-XII 

15 

Assayed I-VI 


18 

Assayed supernates I and III 

Assayed periodically on nutrient agar 

. 


Inhibition by serine, cysteine, and cystine was not overcome by metliylated 
compounds such as thymine or metliionine.^ 

Glutamic Acid and the Antimetabolite, Methionine Sulfoxide 

The marked stunulatory effect of glutamic acid suggested an essential role in 
the elaboration of virus. To demonstrate this, the effect of a specific glutamic 

1 We are indebted to Dr. Jade Schultz and Dr. Gerrit Toennies of the Lankenau Hospital 
Research Institute for some of tlie amino adds used in these experiments. 
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antvmetabolite, dl, dJ-methioiiiiie sulfoxide (i-MSO) was tested (18). For the 
following group of experiments, E. coli were grown in F medium. They were 



Fig. 3. The effect of omission of single constituents of F on virus production in F by broth- 
grown bacteria. 



Mected in the presence of i-MSO, or i-MSO was added at different times during 
the latent period of multiplication within the host. It was found that at high 
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Fig. 6. The eflfect of some amino acids on the inhibition of virus production by leucine. 
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concentrations (5 X lO"' m) i-MSO completely inhibited the liberation of T2 
even if added after 17 minutes of the normal 25 minute latent period. At 5 X 
10"^ u i-MSO, there was normal liberation of virus. The inhibition was re- 
versed with glutamic acid or by diluting out the i-MSO in F. If bacteria were 
infected and allowed to incubate 6 minutes in the presence of i-MSO before ad- 



Fio. 7. The inhibition of virus production by i-MSO and the reversal of inhibition by the 
adchdon of glutamic acid. 

clition of glutamic acid, it was found that virus was liberated 28 minutes after 
this reversal. The latent period of the control infected bacteria was 29 minutes 
(Fig. 7). There was a somewhat variable irreversible reduction in the number 
of infectious centers when the bacteria were left in i-MSO. These two effects, 
(1) the blocking of the start of virus synthesis, and (2) the “killing" of infected 
bacteria on continued exposure had previously been found to be characteristic 
of 5-methyl tryptophane. The effect of interrupting the latent period, as in 
studies with 5-methyl tryptophane (9), was further investigated. Bf were in- 
fected in F and after 10 minutes of the normal latent period, were inhibited 
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with i-MSO for 10 minutes. Tlic i-MSO was diluted in F, and F containing 
5 X 10~® AT glutamic acid. It was found that in either case virus was liberated 
a few minutes after the burst of the control bacteria,- instead of the full 10 
minutes required to complete the total normal latent period. The yield of 
virus from the interrupted bacteria about one-half the burst size of the 
normal bacteria. This may be e.\plained by the “killing” of some of the infec- 
tious centers observed in this e-xperiment during the 10 minute incubation with 
i-MSO. 5-methyl tryptophane, on the other hand, was shown to cause an abso- 
lute interruption of virus synthesis within the system, which on addition of 
tryptophane required the residual latent period and gave a normal burst size.* 

Indolc-3-Acelic Acid. — We have reported (19) that certam preparations of 
indole-3-acetic acid obtained from Eastman Kodak Company stimulated the 
production of T2 in Bn-F. Such stimulation was not found using samples from 
other sources (20) nor did possible contaminants such as indole, skatole, indolyl- 
1,3-diacetic acid, or Cu++, which was used in the preparation of Eastman ma- 
terial (21), cause any stimulation. No other single substance, among more 
than 60 tested, produced as great a stimulation as we found for these particular 
preparations. 5 X 10~^ Jt indolc-3-acetic acid itself, regardless of origin, 
inhibited virus multiplication. 

Nucleic Acid Derivatives. — Fig. 5 shows tlie stimulatory effects of guanosine 
•and desoxyguanosine. There were marked decreases in latent period and a 
somewhat variable increase in burst size in the presence of these compounds at 
10 t/cc, Depolymerized (i.e., purified after alkaline e.xtraction) preparations 
of ribose and desoxyribose nucleic acid showed similar effects on virus synthesis. 
The purine and pyrimidine bases, singly, at 10 j/cc. were without marked 
effect. 

Vitamins and Other Growth Factors. — Single vitamins were without significant 
stimulatory effect on Bn-F. Each vitamin was tested at only one concentra- 
tion, with the e.xception of pyridoxine whicli was tested in the range of 0.005 to 
5.0 j per cc. Biotin — 0.5 y/cc., choline — 5.0 y/cc., cozymase — 5.0 y/cc., folic 
acid — 0.5 y/cc., glutathione — 5.0 y/cc., inositol — 0.5 y/cc., 2-methyI-l, 4-naph- 
thoquinone — 0.5 y/cc., nicotinamide — 2.0 y/cc., para-aminobenzoic acid 0.2 
y/cc., Ca pantothenate — 0.5 y/cc., riboflavin — 0.2 y/cc., thiamine — ^3.0 y/cc., 
sodium a-tocopherol phosphate — 0.5 y/cc. were used. It is possible that an 
optimal concentration which would cause stimulation was missed in this survey. 

Inorganic Ions. — Cu++ and Fe"*^ were toxic in concentrations as low as 10"® 
il. The toxicity was overcome by dilution. At no concentration, however, 
was a stimulation of virus production found with these ions. Ca+^ was also 
without effect in this system at concentrations below 10~^ M. 

Complex Supplements. — On adduig, at 500 y per cc., a commercial casein hy- 

* We wish to thank Dr. Heinrich Waelsch of tlie Department of Biochemistry of the New 
York State Psychiatric Institute, and Dr. Theodore Levine of tlie Lankenau Hospital Rescar 
Institute for samples of i-MSO and I-methionine <//-sulfo.xide, respectively. 
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drolysate (Steams “parenamine”) fortified with 1.5 per cent tryptophane, a ^ 
latent period of less than 30 minutes was always found, as well as an mcrease in 
burst size to nearly 50 per cent of that of Bn-N. Increasing the concentration 


TABLE n 

Tht Amino Acid, Purine, and Pyrimidine Composition of the Compleie Defined Medium 


Substance* 

\ Concentrationt 

Source 

Alanine 

y/cc. 

9.25 

Bios 

Arginine 

18.6 

Bios 

Aspartic add 

30.0 

Bios 

Cystine 

2.10 

Bios 

. Glutamic add 

108 

Merck 

Glycine 

2.25 

Merck 

Histidine 

12.5 

Plans tiehl 

Hydroxyproline 1 

1.15 

Bios 

Isoleucine 

48.3 1 

Bios 

Leucine§ 

58.0 

— 

Lysine 

31.3 

Merck 

Methionine 

16.3 

Bios 

Phenylalanine 

19.0 

Bios 

Proline 

43.3 

Bios 

Serine 

25.0 

Bios 

Threonine 

17.5 

Bios 

Tryptophane 

5.00 

Pfanstiehl 

Tyrosine 

26.6 

Bios 

Valine 

39.7 

Bios 

Cytosine 

10.0 

Dougherty 

Thymine 

10.0 

Schwartz 

Adenine 

10.0 

Schwartz 

Guanine 

10.0 

Schwartz 


* All amino adds in this table were the natural isomers (/ series). 

t The concentrations of some amino adds were given by Steams for parenamine. The 
concentrations of the other amino adds were taken from the values given for casein by Cohn 
and Edsall (22). 

§ We wish to thank Dr. Joseph Fruton of the Department of Physiological Chemistry, 
Yale University, for the i(— )-leudne. 

of parenamine did not cause further stimulation. It was found that paren- 
amine was more eSective than a mixture of naturally occurring amino acids at 
a total concentration of 500 7 per cc., and mixed in the proportions comparable 
to parenamine (Table II). There is considerable variation in the latent period 
and burst sizes in these two systems. Toward the end of these studies, sub- 
cultures of our original strain of E. coli B appeared to utilize the amino acid 
mixture more effectively than at the beginning. Parenamine, however, was 
always found to effect a speedier and greater synthesis of virus than the amino 
acid mixture alone (Fig. 8). 
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Fig. 8. A comparison of the stimulatory effects of parenamine and an amino add mixture 
on virus production in F by broUi-grown bacteria. 



Fig. 9. The stimulatory effect of nucleic acid derivatives supplementing parenamine in the 
F medium. 
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The effect of adding a mixture containing adenine, guanine, thymine, and 
cytosine to parenamine is shown in Fig. 9. With such a mixture both burst 
size and latent period closely approximated those for Bn-N. When these purine 
and pyrimidine bases were added to a known amino acid mixture, there was also 
.a marked stimulato^^ effect on latent period and burst size, as presented m 
Fig. 10. 



Fig. 10. The stimulatory effect of purines and pyrimidines supplementing an amino add 
mixture in the F medium. 

The addition of various vitamin mixtures to either of these complex supple- 
ments did not give reproducibly significant stimulatory effects. 

It may be seen from Figs. 9 and 10 that the rate and amount of virus syn- 
thesized by Bfj-N may be almost duplicated by a mixture of either parenamine 
fortified with purines and pyrimidines, or of the naturally occurring amino acids 
and purines and pyrimidines. With this mixture of chemically defined con- 
stituents, the latent period was within 3 minutes of, and sometimes the same as, 
the latent period in broth, and the burst size was rarely lower than 80 per cent 
of, and occasionally equalled, that of broth. 
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DISCUSSION 

The time required to elaborate cellular components, such as proteins and 
nucleic acids, by E. coli B grown in nutrient broth (N) and transferred to the F 
medium was greatly increased. This is shown by the slower rate of increase in 
turbidity and the decreased rate of virus synthesis. It seems probable that 
tliose amino acids which, when added to B^-F, caused a stimulation in the pro- 
duction of virus are the ones whose rate of synthesis in these bacteria under 
these conditions may be limiting factors in virus peptide synthesis. On the 
other hand, glutamic acid, which was the greatest stimulator of any of the amino 
acids, may be important in transamination, tliereby facilitating tlie synthesis of 
other amino acids, or may be stimulatory because of the activity of derivative 
metabolites, such as a-ketoglutaric acid, as described by Spizizen ( 6 ). Thus, 
the stimulation by this amino acid wlien added as a single supplement to a 
simple medium may have resulted from an activity other than its function in 
the synthesis of virus in broth. 

Other amino acids, also essential, would not necessarily be detected by this 
method. For e.xample, tryptophane may be considered essential for virus syn- 
thesis since it was found in the virus, and 5-metliyl tryptophane, a tryptophane 
antimetabolite, completely inhibited virus synthesis; however, tryptophane was 
not stimulatory when added as a single supplement to F. This merely signifies 
that other factors may have been more rate-limitmg than tryptophane. 

The method used has shown the nutritional requirements for synthesis of T2 
to be multiple. E.\ternal sources of both carbon (lactate) and nitrogen (NH 4 ) 
were necessary. The absence of phosphorus in tire medium was severely hrmt- 
ing, confirming, in general, the results of studies with radioactive phosphorus 
which showed that most of the phosphorus incorporated in virus synthesized 
under somewhat different conditions was derived from the phosphorus-contam- 
ing medium. The absence of magnesium also limited virus synthesis. On the 
other hand, tlie requirement for sulfur was not demonstrated by this method. 
Other methods, however, have shown a methionine requirement, which may 
serve as a sulfur source. In any case, altJiough die omission of sulfur was found 
not to be limiting for virus syndiesis by host cells in a limited medium, it might 
prove so for the greater syndiesis of virus in the same host cell in a complete 
medium. 

No single carbon- and nitrogen-containing compound was found wliicli could 
effect a rate of synthesis of T2 in Bn-F characteristic of Bn-N. Thus the rate 
and amount of syndiesis in Bn-N were approximated only by a comple.x mixture 
of /-amino acids, and purine and pyrimidine bases. Bacteria which have been 
grown in nutrient broth and washed, may still contain vitamins sufficient for the. 
maximal utilization of known substrates. Under diese conditions, supplemen- 
tation with vitamins would not be expected to cause a stimulation. However, 
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a critical requirement for a vitamin in this system might be detected by the 
antimetabolite technique. 

A survey of our data shows that the liberation of virus is to some extent inde- 
pendent of the amount of virus S 3 mthesized. Compoimds which markedly 
decreased latent period did not always increase burst size. 

The mechanism of the inhibition of virus synthesis by cystine, cysteine, leu- 
cine, and serine in this system is obscure. The inhibition by leucine was over- 
come by closely related amino acids. This same type of effect was observed by 
Gladstone (23) in the case of growth rate of Bacillus anthracis inhibited with 
serine and leucine. 


SUMMARY 

Using the one-step growth technique the production of the virus T2 in its 
host, measured by latent period and burst size, was shown to depend on the 
nutritional environment of the host cell. 

When E. coli, grown in broth, was transferred to a simple medium, single or- 
ganic compounds such as some amino acids and nucleosides were found to in- 
crease or accelerate the synthesis of virus. 

An antimetabolite of glutamic acid, an amino acid important for virus syn- 
thesis, was shown to be inhibitory. 

Several naturally occurring amino acids, leucine, serine, and cysteine, 
inhibited virus synthesis in the simple medium. 

A chemically defined mixture was found which supported a rate of virus syn- 
thesis very nearly comparable to that found for host cells in nutrient broth. 
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It has been demonstrated in the previous paper (1) that the composition of 
the medium of the host cell affects the rate and amount of T2 bacteriophage 
synthesized in and liberated from infected Escherichia coli, strain B. The 
effects of numerous compounds on virus multiplication in a minimal medium 
(F) have been described-, stimulatory effects by single supplementary com-' 
pounds have been interpreted to signify that the compound plays a r61e in 
virus synthesis. Thus, a number of amino acids and nucleic acid derivatives 
were shown to be of interest as a result of this test. It was found that methi- 
onine sulfoxide, an antagonist of the stimulatory glutamic acid, interfered with 
virus reproduction. 

A complex defined medium has been described consisting of the F medium 
supplemented with amino acids, purines, and pyrimidines, which almost dupli- 
cated the nutritive qualities of the broth medium for virus multiplication. 
The necessity for these amino acids, purines, or pyrimidines may be tested by 
studying the course of virus multiplication in the complex defined medium, 
in which single constituents are omitted. In this type of experiment, the course 
of virus multiplication has been followed by two methods: (1) the one-step 
growth technique previously described (1), and (2) the estimation of the syn- 
thesis of desoxyribose nucleic acid (DNA) in multiply infected cells in the 
appropriate media. 

The use of DNA synthesis as a measure of virus multiplication in the T2 
system follows from studies on synthesis in infected cells in F media. Thus 
it has been shown elsewhere (2, 3) that the onset and amount of DNA S3m- 
thesis, which occurs at a constant rate, can be correlated with (1) the time of 
appearance of more than one virus particle within an infected cell, (2) the 
amount of virus liberated at 25 to 30 minutes, and (3) the amount of virus 
liberated by lysis-inhibited cells. The method has already been used to demon- 
strate the greater stimulatory value of supplementing the F medium with 

• The work described in this paper has been aided by the Office of Naval Research. 
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a mixture of amino acids as compared to the most stirauIator>' single amino acid, 
glutamic acid (3). 


Malcrials and Methods 

Preparation of Bacteria. — £. coli B were grown in nutrient broth (N) as described previously 
(1). The bacteria, B.v, were grown to about 5 X lO'^ per cc. for one-step growth studies, and 
to 2 X 10* per cc. for studies of DXA synthesis in infected cells. The bacteria continued in a 
logarithmic phase with respect to division until about 1-2 X 10* per cc. However, the amount 
of protoplasm as followed turbidimetrically in a Klelt-Summerson colorimeter with a 420 filter 
increased at the same logarithmic rate only until 2-1 X 10* per cc. and then increased at a 
much slower rate. Thus B.v studied in thconc-stcp growth e-xperiments were in tlieir logarith- 
mic phase with respect to division and growth, while B.v used in studies of DNA synthesis were 
approaching a change in synthesis affecting growth but not division. Nevertheless, B.v con- 
centrations of 2 X 10* per cc. were chosen to avoid the use of large volumes of media, 
suspensions, and aliquots otherwise required for the DN.\ estimations. 

The bacteria were washed twice in F medium and resuspended in the medium of desired 
composition at the concentration to wliich the bacteria had been grown. In almost all of the 
^ experiments, B.v from the same culture were used for the two different tests involving thes.ame 
media. 

FjVnr. — Purified concentrates of 'nr*" — F and T2r'^ — N in 0.85 per cent NaCl were used (4). 

Media . — ^The amino acids used were all of the f-configuration. The complete defined 
medium has been described in the preceding paper (1). The relative proportions of the aimno 
adds were arbitrarily chosen to appro-rimate a casein hydrolysate in the minimal F medium 
(4). To this mixture were added adenine, guanine, cytosine, and thymine at 10 y per cc. In 
the following e.xperiments, virus synthesis in B.v was tested in the complete defined medium, 
the F medium, and the complete medium minus a single constituent 

A nalyses . — ^Virus production in singly infected cells in the various media was determined by 
the one-step growth tediniquc of Delbriick and Luria (5). The course of DNA synthesis in the 
various media was determined by the application of the diphenylamine reaction to the 
trichloroacetic add precipitates of infected cells (3). 

RESULTS 

One-Step Growth Experiments 

In Table I is presented a summary of results obtained by tliis technique. It 
may be seen that there was very little change in the latent period on omission 
of a single constituent, despite tlie fact that with many amino acids the burst 
size or average number of virus particles per infected bacterium was significantly 
reduced. Although tests have not been carried out to determine whetlier al 
the infectious centers liberate virus on the depleted medium, it appears probable 
that they do. It is considered that a decreased burst size means a decrease 
number of particles synthesized per infected bacterium. The lack of correla- 
tion of latent period to burst size is striking; lysis appears to be almost inde- 
pendent of the number of virus particles in tlie cell. 

In Fig. 1 are presented some experiments of this type. The effect of omis 
sion of leucine and tryptophane is readily apparent. Although tryptophane 
has been found in T2 (4), and its importance for multiplication affirmed by c 
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antimetaboUte technique (6), Jtiyptophane was not stimulatory in the single 
supplement study (1) . It can be seen, however, that its omission from the com- 
plete medium markedly reduced burst size. 

By the single supplement technique, leucine was found to be inhibitory 
although the inhibition was readily overcome by the action of isoleucine, 
norleucine, or valine (1). Despite its inhibitory action in one type of test, 

TABLE I 


E^ect of Omission of Single Constuuenls 


Compound omitted 

Increase in latent 
period 

Decrease in burst size 

Approiinjate delay in 
DNA synthesis 


tnin» 

per cent 

mtft. 

Alanine 

0 

0 

0 

Arginine 

0 

0 

0 

Aspartic acid 

0 

0 

0 

Cystine 

0 

> 0 

0 

Glutamic add 

0.5 

38 

3 

Glydne 

0 

0 

0 

Histidine 

1 ■ 

45 

6 

Hydroxyproline 

0 i 

0 

0 

Isoleucine 

2 

47 

0 

Leucine 

3 

57 

11 

Lysine 

0 

0 

0 

Methionine 

1.5 

0 

25-45 

Phenylalanine 

0.5 

32 

7 

Proline 

0 

0 

0 

Serine 

0 

0 

0 

Threonine 

0 

0 

0 

Tryptophane 

1 

50 

11 

Tyrosine 

0 

0 

7 

Valine 

1 

66 

6 

Adenine 

0.5 

0 

Variable 

Cytosine 

0 

0 

0 

Guanine 

0 

0 

0 

Thymine 

0 

0 

0 


leucine was, nevertheless, important in virus synthesis, as detected by the 
omission technique. 

Some compounds such as glycme or threonine did not show an effect when 
omitted from the complete medium. This need not mean necessarily 
these compounds are not incorporated into virus or are not involved in some 
intermediary rOle in virus synthesis. Since many compounds, such as desoxy- 
ribose phosphate, must be synthesized from lactate and inorganic phosphate 
to form virus, these results may merely signify that compounds such as glycine 
and tlireonine are sjmthesized at a faster rate than other rate-determining com- 
pounds, such as deso.xyribose phosphate. 
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Desoxyr those Nucleic Acid (DNA) Syulhesis 

Eight amino acids liavc been found important by the one-step growth test 
described in the previous section: they include isoleucine, phenylalanine, tryp- 
tophane, leucine, valine, glutamic acid, methionine, and histidine. By fol- 
lowing the course of DNA synthesis in infected cells, effects have been noted 
with all of these but isoleucine. In addition, omission of tyrosine and adenine 
produced effects on the course of DNA synthesis but not on the one-step 
growth curves. 



In Fig. 2 are presented the curves for the synthesis of DNA in infected Bn 
suspended in the complete medium, the F medium, and the complete medium 
with tryptophane or leucine omitted. To Bn at 2 X 10^ per cc. was added 
T2rd' virus to give a final concentration of virus of 1 X 10^ per cc. Two 
types of effect may be noted in this experiment. First, the omission of leucine 
or tryptophane resulted in significant delays in the onset of synthesis. Never- 
theless, when synthesis began, it occurred at the same rate as in the complete 
medium. This type of effect has been noted consistently although the length 
of delay, as presented in Table I, depends on the amino acid. Secondly, the 
rate of synthesis fell off earlier in the case of the omitted amino acids. This was 
not noted frequently in 2 hour experiments. It was quite variable with the 
same amino acid and was only observed for tryptophane, leucine, and adenine. 
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Systems omitting adenine showed great variability. In several one-step 
growth experiments, no differences were noted from the complete medium. 
However, in four DNA synthesis e.xperiments in media without adenme a 
marked delay of onset was observed in two, once the rate decreased sharply 
after 60 minutes, and in one experiment no difference was noted during the 
2 hour interval. 



Fio. 2. The course o£ desoxyribose nucleic add S3mthesis in the T2r'*'-£. eoli sjrstem in media 
of different compositions. 

It was observed lliat the beginning of DNA synthesis in the complete medium 
varied from one culture of Bn to the next. This point is obtained by extrapo- 
lation of the linear increment of DNA to 0. In the experiment presented in 
Fig. 2, the curve was extrapolated veiy dose to the origin. This occurred in a 
fewe.vperiments; in most cases, however, a latent period of up to 10 minutes 
was found. 

In several experiments it was noted tliat the latent period of synthesis of 
DNA in F medium alone was e.xcecdingly long; j.c., about 80 to 90 minutes. 
The DNA formed after infection at this time in Bn at 2 X 10« per cc. could not 
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account for the virus liberated in comparable periods in this medium in the 
one-step growth test with at 5 X 10^ per cc. This effect is tentatively 
attributed to the decreased synthetic powers of to the higher concentra- 
tions. 

Under the conditions of this test, the effect of omission of methionine was 
the most marked of any of the amino acids, resulting in delays of synthesis of 

TiVBLE ir 


Comparison oj Results of Single Supplement and Single Omission Techniques 


Compound 

Effect of lupplcment 

Effect of omission 

One-step stovvtb 

Synthesis of DNA 

Alanine 

0 

0 

0 

Arginine 

+ 

0 

0 

Aspartic acid 

+ 

0 

0 

Cystine 

Inhibitory 

0 

0 

Glutamic acid 

+ 

+ 

+ 

Glycine 

0 

0 

0 

Histidine 

Variable 

+ 

+ 

Isolcucino 

+ 

+ 

0 

Leucine 

Inhibitory 

+ 

+ 

Lysine 

+ 

0 

0 

Methionine 

! 0 

+ 

+ 

Phenylalanine 

+ 

+ 

+ 

Proline 

+ 

0 

0 

Serine 

Inhibitory 

0 

0 

Threonhie 

0 

0 

0 

Tryptophane 

0 

+ 

-f- 

Tyrosine 

Variable 

0 

-h 

Valine 

Variable 

+ 


Adenine 

0 

0 

-h 

Cytosine 

0 

0 

0 

Guanine 

0 

0 

0 

Thymine 

0 

0 

0 


The symbols and 0 mean positive effect and no effect, respectively. 


over 25 minutes. In contrast to this, one-step growth curves in media witliout 
methionine showed relatively small differences from the complete medium. 
This situation appears analogous to that described for F alone. 

Simplificalion of the Complete Medium 

As summarized in Table II, the single supplement tedmique indicated fte 
need for seven amino acids, the omission techniques indicating a total of nine 
amino acids and one purine. Combination of these to include valine, isoleucine, 
leucine, phenylalanine, histidine, arginine, lysine, aspartic acid, glutamic aci , 






SEYMOUR S. COHEN AND CATHERINE B. EOWLER 


281 


methionine, tryptophane, tyrosine, and adenine as supplements to the F 
medium supported one-step growth curves comparable to that in the com- 
plete medium. The burst size was within 10 per cent of that in broth, the 
latent period being 1 to 2 minutes longer. 

DISCUSSION 

It is apparent that the techniques described in this paper permit the detec- 
tion of compounds important for virus synthesis in addition to those revealed 
by the method previously described (1). By the three techniques as presented 
in Table II, thirteen amino acids and a purine have been shown to markedly 
affect the course of synthetic mechanisms tied to virus synthesis. However, 
the development of a medium for maximal virus synthesis in which the syn- 
thetic needs of the organism have been reduced to a minimum has not been 
completed. Compounds such as thymine or guanine are probably synthesized 
at a rate that precludes the detection of an effect on omitting them from the 
medium. The detection of a r61e for these compounds in virus synthesis 
might be accomplished by the use of competing structural analogues or more 
demanding host cells, such as mutant strains incapable of these syntheses. 

In a host cell such as E. coli strain B capable of such varied synthesis, the 
interpretation of all the results is difficult. The more rigorously defined re- 
quirements of isolated animal cells, or of many bacteria may be expected to 
reveal many all-or-none effects in virus synthesis, which might be more easily 
interpreted. 

In most of the experiments described in this paper the rate of DNA syn- 
thesis accounted very well for the amount of virus produced. For instance, 
the most active T2 preparation isolated in this laboratory contained 1.6 X 10^ 
active particles per y DNA. It may be calculated from the data in Fig. 2 
that the amount of DNA synthesized at 30 minutes in the complete, trypto- 
phaneless, and leucineless media accounted for burst sizes at that time of 99, 
63, and 55, respectively. The observed burst sizes as presented in Fig. 1 
were 118, 58, and 50, respectively. However, some conflicting results have 
been recorded. DNA synthesis did not correspond to virus production in the 
methionine-, tyrosine-, and isoleucine-deficient media. At present, these dif- 
ferences are attributed to differences in the age of the bacteria, and the dif- 
ference in the ratio of virus to host cell in the two experimental systems. 

SUMMARY 

Omission of a single constituent from a chemically defined medium approxi- 
mating tlie virus growth-promoting properties of broth affects virus production 
in infected bacteria. This may be estimated by the one-step growth technique 
and tlie course of desoxyribose nucleic acid synthesis. Nine amino acids and 
one purine have been shown to be important by these tests. A combination 
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of all constituents observed to be important by the single supplement and 
single omission techniques has approximated the virus growth-promoting 
properties of broth. Certain anomalous results have been commented upon. 
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Elliott (1) described an extracellular proteolytic enzyme, streptococcal pro- 
teinase, in broth cultures of certain strains of group A streptococci grown under 
favorable cultural conditions. He observed that this enzyme digested the 
type-specific M protein antigen of group A streptococci as well as streptokinase, 
fibrin, milk, and casein. This enzyme was active under reducing conditions 
of bacterial growth; and in cell-free systems it was activated by cysteine, 
glutathione, potassiiun cyanide, and thioglycollic acid but was inactivated by 
iodoacetic acid and by normal mouse or rabbit serum. In a later report 
Elliott and Dole (2) found that the yield of active proteinase was greatest in 
broth containing undialyzed Pfanstiehl peptone and that cultures grown in 
media prepared with the dialysate of Pfanstiehl peptone or with undialyzed 
neopeptone produced the inactive precursor of streptococcal proteinase. 

Todd (3) also demonstrated a streptococcal enzyme in culture filtrates of 
many strains of group A streptococci and found it to be antigenic. It was 
considered probably identic 3 .I with the one described by Elliott. 

It seemed important to determine the possible relationship of this newly 
discovered enzyme to the pathogenesis of streptococcal infections and their 
sequelae. A study was therefore undertaken to determine whether proteinase 
production by hemolytic streptococci isolated from patients with streptococcal 
mfections as well as those isolated from normal carriers was in any way cor- 
related with different types of clinical response. The capacity of various 
serological groups and types of hemolytic streptococci to elaborate proteinase ' 
was also investigated; and a study was made of the presence of proteinase as 
related to the presence of streptokinase in broth cultures of group A strepto- 
cocci. 

Materials and Methods 

Source of Streplococcal Strains. — The majority of the strains were isolated at the Hospital 
° Rockefeller Institute for Medical Research in 1940-47 from phar 3 mgeal cultures of 
rheumatic and non-rheumatic subjects suffering from pharyngitis, scarlet fever, or rheumatic 
wer^r from throat cultures of normal carriers. Many of the patients developed purulent 

Vrith the support of a grant made to the British Medical Research CouncU by the Well- 
come Trustees, this author was a Visiting Investigator at the Hospital of The Rockefeller 
InsUtute for Medical Research. 


283 



284 


PKODUCriON OF I'KOTKIN’ASK UY HEMOLYTIC STREPTOCOCCI 


complications such as sinusitis, otitis media, peritonsillar abscess, cervical lymphadenitis, 
pneumonia, or impetigo; others developed rheumatic fever following tJieir streptococcal infec- 
lions. In a few instances both purulent complicaUons and rheumatic fever were observed in 
the same patients. The carrier strains were cultured from rheumatic subjects and their 
siblings who developed no clinical evidence of disease and no streptococcal antibody response. 

Other strains were isolated in the Chicago area at the Great Lakes Naval Training Station 
during the spring of 1946 from pharyngeal cultures of i)aticnts with streptococcal respiratory 
diseases including scarlet fever, some of whom later developed rheumatic fever. ^Vll these 
strains were frozen and dried shortly after isolation from the patients and kept in this state 
until used. A few lyophllized streptococcal strains were selected from laboratory stock cul- 
tures to complete the series of all the known serological groups and types; these strains had 
probably in many instances been subculturcd numerous times before lyophilization. 

Groitpins and Typing of Streptococcal Strains. — The hemolytic streptococci were classified 
into serological groups and types by the precipitin technique (4, 5). In a few instances, 
strains which could not be classified by the precipitin method witlr tlie available sera were 
tested by cross-agglutination with homologous and heterologous rabbit antisera to determine 
whether tliey were antigenically similar or dissimilar. 

Preparation of Cultures. — Each strain was seeded from the lyophilized stock of cultures 
into 5 cc. of Todd-Hewitt broth containing 2 per cent Pfanstiehl peptone or 1 per cent neopep- 
tone and incubated in a water bath at 37“C. for 12 hours. A loopful of the actively growing 
culture was then transferred to 5 cc. of fresh broth and incubated for 2S hours at 37°C. 

Determination of Proteinase Activity. — Pfanstiehl peptone broth was used exclusively to 
prepare cultures for determiuations of proteinase activity unless othenvise stated. A method, 
described by Elliott and Dole (2), which employs the coagulation of a milk-thioglycollate mix- 
ture was used in most e.xpcriments. Preliminary studies revealed that whole broth cultures 
gave results for proteinase assay comparable to those obtained with Citrates or supernates 
of these cultures. Because of simplicity, whole broth cultures were therefore employed. 
Control cultures Avere included in each series of tests, namely, a positive strain (K43) and a 
negative strain (K43 mouse passage). 

In a few e.xpcriments the “azocoll" digestion tedmique (3) was carried out in parallel with 
the millc-tliioglycollate metliod to estimate proteinase activity of streptococcal cultures. 

Estimation of Streptokinase. — ^The method employed for the estimation of streptokinase 
was a modification of that described by Tillett, Edwards, and Garner (6) and the Commission 
on Acute Respiratory Diseases (7). 

The cultures of streptococci prepared for proteinase determination were tested for strep- 
tokhiase by mixing gently 1.0 cc. of filtrate with 1.0 cc. of 0.6 per cent solution of a lyophilized 
fibrinogen, fraction I (Cohn)*, from human plasma in physiological saline, buffered with 
veronal at pH 7.5 and 0.2 cc. of bovine thrombin in a 1 .' 10 dilution of the same buffer. The 
mixtures were incubated in a water bath at 37°C. The streptokinase activity of the various 
strains was determined by liquefaction of the standard fibrin dot. Liquefaction was con- 
sidered to have taken place Avhen the clot moved or flmved freely on inversion of the tube. 

OBSERVATIONS AND RESULTS 

Proteinase Capacity of Group A Streptococci in Relation to the Clinical Re- 
sponse. — The proteinase-producing capacity of strains of group A streptococci 
isolated from patients with various clinical responses to streptococcal infection 
and from the tliroats of normal carriers is summarized in Table I. Of ISS 

1 Fibrinogen human fraction I Avas obtained through the courtesy of Sharp and Dohme. 
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strains cultured from 144 patients or carriers between October, 1940, and 
April, 1947, 70 produced proteinase and 85 did not produce any of this enzyme. 
At different times 8 patients suffered more than one streptococcal infection. 
These were considered separate infections because the same serological type 
was not observed in the recurrent infections, and because significant rises in 
the antistreptolysin 0 titre of the patients’ sera occurred. In the case of car- 
riers, observations w'ere confined to a single strain from each individual unless 
a change in serological t 3 rpe was observed. All streptococcal strains were 
isolated from nasopharyngeal cultures within 5 days after the onset of mfection 
with the exception of those from 9 patients with a primary attck of rheumatic 
fever from whom cultures were not obtained until 2 to 4 weeks after infection. 
Seventy-three of the strains included in Table I were isolated from patients 
with scarlet fever. These are not grouped separately because the only differ- 
ence between the patients with scarlet fever and those with pharyngitis alone 
was the erythematous rash. 

Of 47 group A streptococcal strains cidtured from patients who made un- 
eventful recoveries from their acute pharyngitis, 25 strains produced proteinase 
and 22 failed to elaborate this enzyme. From patients with purulent compli- 
cations, 15 group A streptococcal strains were isolated and all except one strain 
failed to produce proteinase. Ten of the 14 strains which did not elaborate 
^the enzyme, however, were all serological type 19 and were isolated from the 
same epidemic. Apparently these strains were derived from a common source. 
Among 34 strains isolated from patients who developed a primary attack of 
acute rhemnatic fever, 15 produced proteinase and 19 did not. In this group, 
3 strains were cultured from patients who developed both purulent complica- 
tions and rhemnatic fever. 

In Table I are also recorded the results of the proteinase capacity of a series 
of strains isolated from the nasophar 3 mges of rheumatic subjects who suffered 
hemolytic streptococcal infections of the upper respiractory tract. The 
strains from those patients who developed a recurrence of rheumatic fever can 
be contrasted with strains isolated from patients who did not develop rheu- 
matic fever following the streptococcal infection. Of 19 strains, each isolated 
from a different infection followed by an attack of rheumatic fever, 9 produced 
proteinase and 10 did not. Among the patients who did not develop rheu- 
matic fever, there were 23 infections. Ten strains from these infections pro- 
duced proteinase and 13 failed to show any activity. 

^ One mstance is of interest because the same strain, producing proteinase in 
vtiro, induced different clinical reactions in susceptible rheumatic subjects. A 
group A streptococcus of an unclassified type was cultured from a rheumatic 
subject with an attack of acute pharyngitis &at was not followed by rhemnatic 
fever; this same type caused an accidental respiratory infection in another 
rheumatic susceptible subject, who subsequently developed rheumatic fever. 
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The streptococci from tliese patients were shown to be the same type by cross- 
agglutination tests with liomologous and lieterologous rabbit antisera. 

The proteinase capacity of streptococcal strains cultured from the throats 
of subjects who developed no apparent infection is also shown in Table I. 
These individuals were observed at 3 to 4 week intervals for several years, and 
no clinical or laboratory evidence of infection appeared when these strains were 
isolated. Moreover, no elevated titres for antistreptolysin 0, antilibrinolysin 
and, in a few cases studied, bacteriostatic antibodies were observed in the sera 

T.VBLE I 


Proteinase Production by Croup .1 Streptococci as Related to Clinical Response 
to Streptococcal Infection 



Clinical reaponie to streptococcal iofection 

Proteinase production by 
streptococci isolated irom 
individual patients 


No. of strains 



Positive 

Negative 

Pharyngitis: 

Uncomplicated 

25 

22 

<( 

With purulent complications 

1 

14* 

<< 

Followed by primary attack of rheumatic 
fever 

15 

19 

U 

Followed by recurrence of rheumatic fever in 
rheumatic subjects 

9 

10 

it 

Followed by no recurrence of rheumatic fever 
in rheumatic subjects 


13 

No infection: 

Normal carriers 


7 

Total 


70 

S5 




* Ten of these strains were isolated from tlie same epidemic and were of the same serological 
type. 


of these subjects. Of 17 strams from these individuals, 10 strains had demon- 
strable proteinase activity but 7 were proteinase-negative. 

Upon consideration of the data presented in this table, tiiere appears to be no 
evidence that proteinase- or non-proteinase-producing strains were associated 
with any particular variety of streptococcal mfectious process: Strains with or 
witliout proteinase activity were each isolated from normal carriers or from 
patients who developed rheumatic fever, purulent processes, or uncomplicated 
infections. 

Proteinase Production of Epidemic, Endemic, and Carrier Strains of Group A 
Streptococci. — ^An opportunity presented itself to investigate the proteinase 
capacity of epidemic, endemic, and carrier strains of various serological types 
of group A streptococci. The epidemic strains were isolated from young adult 
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Naval parsonnel in New York City from 1942—44 and in^the Chicago area 
during 1946. The endemic and carrier strains were obtained during 1940-47 
from children and young adults in New York City who were in no contact with 
those from whom the epidemic strains were cultured.. In Table 11 is shown the 
proteinase production of these 3 groups of strains. A variety of serological 
types are represented in each group and the time of isolation is spread over 
relatively similar dates. Twelve of the endemic and 11 of the carrier strains 
could not be typed by the precipitin method with the available sera, and are 
therefore not included in the number of serological types but are included in the 
number of strains investigated. 

It is apparent from the results shown in Table II that irrespective of whether 
the streptococci are of epidemic, endemic, or carrier source, there is approxi- 

TABLE n 


FroUinase Froducliert of Gfottp A Streptococci as Related to Their Sources: 
Epidemic, Endemic, and Carrier Strains 


Source of itzcptococd 

No. of itruns 

No. of serolog- 
ical types 

Proteinase production by 
individual strains 



Positive 

Negative 

Epidemic 

91 

16 

37 

54 

Endemic 

47* 

18 

24 . 1 

23 

Carrier 

17* 

S 

10 

7 





‘Twelve of the eademic and 11 of the carrier strains could not be typed with available 
sera; the number of types represented by the remainder is indicated in the third column. 


mately an equal distribution of proteinase- and non-proteinase-producing 
strains. Moreover, it can be seen that 16 different serological types are in- 
cluded in the epidemic group. If, on the other hand, a single serological type 
from an epidemic and, presumably, from a common source is assayed, a uni- 
form pattern of proteinase production will be observed. Examples of this will 
be presented in Table III. 

Lack of Correlation between Proteinase Capacity of Serological Types of Group A 
Streptococci and Clinical Manifestations , — To ascertain whether there is any 
correlation between the proteinase activity of strains belonging to a single type 
and the clinical reaction to infections induced by these strains, numerous sero- 
logical types of streptococci were studied. In Table III are presented 5 repre- 
sentative e.xamples to illustrate the proteinase production of strains of the 
same serological type cultured from patients whose clinical response to strep- 
tococcal infections varied. It can be seen that the serological types 1, 3, and 19 
comprise both proteinase- and non-proteinase-producing strains; and in these 
fypes, strains of the same serological type and proteinase activity frequently 
induced different clinical manifestations. The same thing was observed with 












288 


PRODUCTION OF PROTEINASE BY HEMOLYTIC STREPTOCOCCI 


the type 30 strains all of which, isolated from a single epidemic, produced 
proteolytic enzyme. In contrast to this, most of the type 17 strains, chiefly 
from the same epidemic, did not produce proteinase but were, nevertheless, 
able to initiate a variety of clinical effects. 

On the other hand, as e.\-emplifled in type 19 (Table III), strains of the same 
serological type but differing in their ability to produce proteinase, were often 
found to give rise to the same clinical manifestations in different patients. 
Similar results were obtained with 17 other serological types not recorded in 

T.VBLE m 

Lack of Correlation between Proteinase Production by Group A Streptococci of Various 
Serological Types and Clinical Response to Infection 

Proteinase production by individual strains of 
streptococci of various serological types 
isolated from patients with diilcrcnt clinical 
responses to infection 


Climcal response to streptococcal infection 

Type 1 

Type J 

Type 17 

Type 19 

Type so 

Tositivc 

Negative 

Positive 

Negative 

&> 

'Si 

o 

Negative 

U 

> 

o 

u 

> 

ti 

to 

SJ 

% 

U 

> 

'B, 

o 

pH 

U 

> 

d 

s 

Pharyngitis: Uncomplicated 



3 



6 

2 

12 

s 


“ With purulent comph'cations 









1 


“ Followed by primary attack of 



1 

1 







rheumatic fever 

1 


1 



3 

5 

12 

4 


“ Followed by recurrence of rheumatic 





1 






fever in rheumatic subjects 

1 





2 


2 



“ Followed by no recurrence of rheumatic 


1 









fever in rheumatic subjects 


1 


2 

1 



1 



No infection: Normal carriers 


2 


1 







Totals 

2 

3 

4 

3 

1 

11 

7 

37 

13 



Table III. It is noteworthy that serological types 14, 19, and 26 included 
strains which produced no proteinase and were each associated with either tlie 
presence or absence of rheumatic fever recurrences in susceptible subjects. 

The majority of the strains belonging to the serological types 17, 19, and 30 
which showed imiformly positive or negative proteinase activity were isolated 
during epidemics of streptococcal infections and are probably derived from com- 
mon sources. The fact that these epidemic strains of the same serological type 
each had their origin from a single parent strain and induced a variety of 
clinical reactions to infection emphasizes the lack of correlation between 
the proteinase capacity of the serological type and the disease state. 

Comparison of Proteinase Capacity of Strains Isolated in Acute and Convales- 
cent Phases of Infection. — k. series of strains isolated from patients at weekly 
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intervals during the acute phase of illness through convalescence was selected 
to determine whether any change in proteinase capacity occurred. In the test 
for this activity the time at which coagulation of the milk first occurred gave a 
roughly quantitative estimate of proteinase production. Eight serial weekly 
cultures from a patient with a type 38 infection and 12 from a patient with a 
type 26 infection showed a uniformly negative response when tested for pro- 
teinase production; 5 weekly cultures from a patient with a type 12 infection, 8 
from a patient infected with an unclassified stram, and 6 cultures from a pa- 
tient with a type 30 infection showed positive reactions which were quantita- 
tively consistent. In addition, from 4 to 7 weekly cultures of 3 sulfadiazine- 
resistant strains from patients with type 17 infections were tested for consistency 
of enzyme production by cultures isolated in the acute phase through con- 
valescence. None of these cultures produced proteinase. 

The majority of the patients from whom epidemic strains were obtained at the 
Hospital of the Rockefeller Institute received therapeutic doses of sulfadiazine 
for 7 to 14 days in an effort to clear up the carrier state or purulent complica- 
tions. Cultures were taken from patients both before and after sulfadiazine 
therapy to observe any possible change in enzyme production due to the action 
of the drug. Proteinase-positive cultures were isolated both before and after 
therapy from 4 patients, two with type 23 infections, and one each with a type 
30 and a type 3 infection. Proteinase-negative strains were similarly isolated 
from 6 patients, 3 with type 19 infections and 3 with infections of types 6, 14, 
and 38 respectively. In all cases the proteinase activity remained unchanged. 
The remarkable imiformity of proteinase production of these strains while they 
remained in the nasopharynx of patients suggests that the capacity to produce 
this enzyme is reasonably stable. 

Proteinase Production by Various Serological Groups and Types of Hemolytic 
Streptococci. — ^To determine the relationship between the serological groups and 
types of hemolytic streptococci and proteinase production, a series of strains 
were tested from multiple sources which included the strains of group A strep- 
tococci previously considered in this report. In addition, other strains selected 
from laboratory stock cultures kept in the lyophilized state for many years 
were included. 

A total of 238 strains, of which 208 belonged to group A and 30 to other 
established Lancefield groups,* was assayed. There were 41 known sero- 
logical types of group A streptococci represented; and 23 group A strains were 
not classified mto types with the available sera. The capacity to clot milk 
appeared to be limited to group A strains with the exception of one group D 
stram, D76, probably bovine in origin, and one group M strain, D168A“X”, 
isolated from the vagina of a normal dog. Both of these strains were tested in 

• Groups B, C, D, E, F, G, H, K, L, M. 
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duplicate and on different days; in each test, milk was clotted between 4 and 
24 hours. The pll of the cultures was 6.8, which e.xcludes acid clotting of tlie 
milk. The possibility that some other enzyme system might also cause clotting 
of milk must be considered. Certain group D strains, notably S. lique/acieiis, 
are known to have proteolytic properties which may be different from the one 
studied in group A streptococci. 

Of 208 group A strains tested, 107 or 51 per cent produced the enzyme. 
Since 23 strains could not be typed, a total of 185 strains, distributed among 
41 different serological types of group A streptococci, is tabulated in Table 
IV. Of the types represented, 35 had more than one stram and of these, 11 
types (1, 2, 3, 4, 17, 19, 24, 28, 29, 43, and 46) comprised both proteinase- 
positive and negative strains. The large number of positive- or negative- 
enzyme-producing strains in types 17, 19, and 30 is due to the fact that they 
are epidemic strains and probably originated from a common strain of the 
corresponding type. From these data it appears that many of the serological 
types of group A streptococci include strains capable of producing proteinase 
and others which do not produce this enzyme. However, further studies are 
necessary before such variations can be established as characteristic of tlie 
type. 

Relationship between the Presence of Proteinase and Streptokinase in Broth 
Cultures. — Since Elliott (1) has demonstrated that streptococcal proteinase 
digests streptokinase, the relationship of these enzymes in cultures was in- 
vestigated. In Table V is shown tire reciprocal relationship between the 
presence of proteinase and the demonstration of streptokinase in cultures of 
various strains of hemolytic streptococci grown in Pfanstiehl peptone broth. 
The proteinase production was determined by both the milk-coagulation and 
azocoll tests; and tlie results of the measurement by these two metliods were 
identical. The pH of the filtrates varied from 5.9 to 6.3. The reaction was 
never low enough to cause acid clotting of milk. A total of 37 strains of 9 
different serological types of group A streptococci was tested in Pfanstiehl 
broth. Of these, 20 strains produced proteinase and no streptokinase, while 17 
strains were proteinase-negative and streptokinase-positive. 

In the present study advantage was taken of the observations of Elliott 
and Dole (2) to determine whether the reciprocal relationship betwoen the 
presence of proteinase and streptokinase would be maintained in both Pfanstiehl 
and neopeptone broth. Ten strains of 5 different serological types were tested 
in both broths. In 7 of these strains, protemase but no streptokinase was found 
in Pfanstiehl broth, and streptokinase but no proteinase was detected m neopep- 
tone broth. The results in the other 3 strains were variable. It appears tliat 
in strains which produce both proteinase and streptokinase tlie reciprocal 
relationship between these two streptococcal components is, in most cases, 
dependent on the conditions in the culture media suitable for the production of 
the inactive or active proteinase: Thus in neopeptone broth the streptococcal 
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" TABLE IV • 

Proteinase Production by Group A Streptococci of Various Serological Types 


Serological type 


1 

2 

3 

4 

5 

6 
8 
9 

11 

12 

13 

14 

15 

17 

18 
19 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

46 

47 


Totals 


No. of strains 


5 

2 

8 

3 

3 

7 

3 

2 

2 

3 

3 

5 
3 

16 * 

3 

44 * 

3 

3 

6 
1 
5 
1 
3 
3 

13 * 

2 

3 

3 

1 

2 

3 

1 

3 

1 

3 

1 

2 

3 

3 

3 

1 


Proteinase production 


Positive 


185 


2 

1 

5 

1 

3 

0 

3 

2 

2 

3 

3 

0 

3 

1 

0 

7 

3 

3 

5 

1 

0 

1 

2 

1 

13 

2 

0 

3 

0 

2 

3 

0 

0 

1 

3 

1 

2 

2 

3 

1 

1 


89 


Negative 


3 

1 

3 

2 

0 

7 

0 

0 

0 

0 

0 

5 

0 

15 

3 

37 

0 

0 

1 

0 

5 

0 

1 

2 

0 

0 

3 

0 

1 

0 

0 

1 

3 

0 

0 

0 

0 

1 

0 

2 

0 


96 


deriwd'fromTnc or " epWemic strains and in each type were probably 
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cells produce the proteinase as a precursor which is inactive and streptokinase is 
not digested; whereas in Pfanstichl broth, the active proteinase is formed and 
the streptokinase is digested. 

DISCUSSION 

A unique opportunity was provided for obtaining epidemic strains of several 
serological types of group A streptococci from patients with a variety of clinical 
responses to infection. These strains were isolated from young adults in 
the second decade of life who lived under similar conditions while in Naval 

TiVBLE V 


Rdatioiuhip between the Presence of Proteinase and the Demonstration of Streftohinase 
in Cultures of Group A Streptococci 


Serological type 

No. of 
strains 

Proteinase* 

Streptokinase 

1 

1 

+ 


3 

2 

+ 

— 

6 

1 1 

— 

+ 

17 


— 

+ 

19 



— 

19 


— 

+ 

24 

1 

+ 

— 

30 

9 

+ 

— 

33 

1 

+ 

— 

36 

1 

+ 

— 

T'otnl 

37 


Strpptnlv'inncfl-pn.^^ltive. .... .17 



Proteinase-negative .17 

Streptokinase-negative 20 


Symbols + or — indicate the presence or absence of proteinase or streptokinase. 

* The results of the measurement of proteinase production by milk-coagulation and azocoU 
titration were identical. 


service. Moreover, a relatively large number of these epidemic strains were 
of a few serological types, in each of which the capacity of the streptococci 
to produce proteinase was uniform. The epidemic conditions suggested 
common origins for the strains within each type and made possible a study of 
the effect of proteinase production upon the clinical manifestations in patients, 
uncomplicated by other differences in the streptococci. 

The data obtained revealed no evidence that proteinase or non-proteinase- 
producing epidemic strains of various serological types were associated with 
any particular variety of infectious process. This was indicated by the fact 
that strains of the same serological t3q)e and proteinase activity were isolated 
from patients who developed various clinical manifestations. On the other 
hand, strains which differed only in their ability to produce proteinase showed 
no difference in the pathologic conditions evoked in individual patients. 
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An especially suitable series of streptococcal strains from endemic sources 
was available for comparison with the epidemic strains described above. The 
endemic and carrier strains were derived from individuals who had had pre- 
vious attacks of rheumatic fever and from their siblings. All of this group 
were followed constantly for several years as previously reported (8). Since 
a study of these strains showed the same findings as those from epidemic sources, 
it appears to be a general phenomenon that there is no correlation between the 
capacity,of group A streptococci to produce proteinase and the clinical reactions 
of the patients to infection with these strains. 

The possibility was considered that strains long resident in the throats of 
patients convalescing from infection might change in their function to elabo- 
rate this enzyme. Rather than any change being observed, a remarkable 
stability of these strains to produce a quantitatively uniform amount of enzyme 
over long periods was demonstrated. This stability was apparent even in the 
presence of therapeutic doses of sulfadiazine administered to the patient. 

The capacity to produce proteinase appears to be related to the strain rather 
than to the serological type, as indicated by the occurrence of both enzyme- 
and non-enzyme-producing strains in many of the serological types. In 
some of the types investigated, all of the strains were similar in their ability 
to produce enzyme. The fact that in each instance there was intermingling 
of Naval Personnel between stations in which epidemics occurred suggests that 
these strains were probably derived from a common parent strain in each type. 

To determine whether proteinase production is characteristic of individual 
types, it will be necessary to test many more strains from unrelated sources. 
In considering this relationship, it is of interest that Todd (3) found proteinase 
activity in concentrated filtrates which showed no activity before concentra- 
tion. This suggested that most strains may produce the enz)mie under suitable 
conditions. 

The reciprocal relationship between the presence of proteinase and that of 
streptokinase in streptococcal cultures revealed a situation analogous to that 
observed by Elliott (1) with the type-specific M antigen of group A streptococci. 
Proteinase digests both streptokinase and the M protein; therefore, the two 
latter streptococcal components are not usually found in the same cultures 
with protemase. Nevertheless, it has been observed that occasionally strep- 
tokimme may be present in small amounts simultaneously with proteinase, a 
situation also found to hold true with regard to the balance between the presence 
of hi protein and proteinase in the same system (1). In the case of the two 
enzymes, one of which destroys the other, presumably the streptococcal cell 
may maintain constantly its function of producing both, but the balance be- 
hvecn their relative concentrations is determined by the conditions prevailing 
m the culture at the time of testing. 
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SUMiLVRY 

The proteinase activity of strains of group A streptococci isolated from 
patients in acute and convalescent phases of illness was found to be remarkably 
constant. Sulfadiazine therapy of patients did not affect proteinase produc- 
tion by the infecting streptococci. 

The ability to produce streptococcal proteinase would appear to be related 
to the strain and not necessarily to the serological type. 

No relationship could be found between the capacity of group A streptococci 
of different serological types to produce proteinase and the various clinical 
responses to infection with these microorganisms. 

The authors take pleasure in acknowledging the technical assistance of Miss Grace Van- 
derhoff. 
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The agglutination of human erythrocytes of blood groups A, B, and 0 by 
Type XrV antipneumococcal horse sera has been clearly demonstrated (1, 
2). Purified blood group A substance from commercial pepsin precipitates 
with Type XIV horse antiserum (3) and in one instance, removed about one- 
half of the antibody from an antiserum. In addition, both the specific polysac- 
charide of the Type XIV pneumococcus (SXIV) and, after partial hydrolysis, 
the blood group A substance react with horse antianthrax sera (4). The 
chemical basis for these cross-reactions has been clarified by the finding that 
the blood group A substance, SXIV, and the C polysaccharide of the anthrax 
bacillus contain in conunon N-acetyl glucosamine and galactose (3, 4). With 
the demonstration that purified blood group A and 0 substances from in- 
dividual hog stomach linings were identical in a considerable nmnber of chemical 
and physical properties (5) and that both contained W-acetyl ^^-glucosamine, 
d-galactose, and Z-fucose (6) it was considered that a quantitative study of the 
precipitin reaction of these substances with Type XIV antipneumococcal 
horse serum might provide information about their structural similarities and 
difierences. The surprising result was that preparations of hog blood group A 
substance differed widely in their capacity to precipitate anti-SXTV although 
they were all of equal purity and had the same capacity to precipitate homol- 
ogous anti-A formed in man (5). Similar variations in predpitability for 
anti-SXIV were found among various preparations of hog blood group O 
substance, and of blood group A and O substances from human saliva and 
stomach (7). 


experimental 

The blood group A and O substances from individual hog stomach linings and the blood 
substances from human saliva, stomach, and amniotic fluid were the preparations 

•The work described in this paper was carried out under a grant-in-aid from the United 
otates Public Health Service and in part under the William J. Matheson Commission. 
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that had been used in previous studies (5-7), In addition, samples of blood group substances 
were purified from human B and 0 saliva and another preparation of 0 substance was obtained 
from a hunian stoniacli by the method described for the isolation of the blood group A sub- 
stance (7). 

Two Type XIV antipncumococcal horse sera were used; A66. supplied by Dr. A. J. Weil of 
Lcdcrlc Laboratories contained botli Type XIV and Type XIX antibody, and H635 (1939 
bleeding) provided by the New York State Department of Health Laboratories. The Pvo 
sera contained l.OS and 0.87 mg. anti-SXlV N per ml. and both sera agglutinated human 
erythrocytes of blood groups A, B, and 0. 

The cross-reaction between tlic various blood group substances was studied by adding in- 
creasing quantities of blood group substance dissolved in saline to a series of 10 ml. conical 
centrifuge tubes each containing a measured volume of antiserum at 0“C.; the total volume 
was kept constant. The contents of tlie tubes were mheed and the tubes kept in the re- 
frigerator for a week (8) during which period their contents were mixed twice daily. The 
precipitates were then centrifuged oft in a refrigerated centrifuge, washed twice in the cold 
with chilled saline, quantitatively transferred to 10 ml. micro-Kjeldahl Casks with water and 
a few drops of m/2 NaOH, and analyzed for nitrogen by the Alarkham miero-KJeldahl method 
(9). Values represent tlie average of duplicate analyses. Supernatants from each pair of 
analyses were combined and divided in half. To one portion 25 or 50 jug. blood group sub- 
stance was added to test for residual cross-reacting antibody and to the other portion 0.1 ml. 
of antiserum was added to test for c.xcess blood group substance. Supernatant tests were set 
up at O^C., left in the refrigerator for 1 week, centrifuged in the cold, and the degree of precipi- 
tation in each tube was noted. 


RESULTS 

From Table I it is evident that individual preparations of hog blood group 
A substance vary greatly in their capacity to precipitate with Type XIV 
antipncumococcal horse sera. For instance, 500 /rg. of the blood group A 
substance from hog 10 precipitated only 19 Mg. N from 0.5 ml. serum H635 
while equal amounts of similar products from hogs 16, 3, and S precipitated 
39, 72, and 72 Mg. N respectively. The same range of variation in precipitating 
power was also observed with hog blood group O substances. Tests on super- 
natants were carried out in all instances and invariably showed a broad zone, 
of precipitation indicating the presence of both antigen and antibody. Several 
representative sets of supernatant tests are shown in Table I. From the data 
with hog 16 and hog 29, it is evident that 1 week in the refrigerator was adequate 
for maximum precipitation. With material from hog 29, no difference in 
capacity to precipitate Type XIV antibody was found after the solution had 
remained in the refrigerator for 6 weeks. 

The same type of variation in capacity to precipitate with Type XIV anti- 
serum was observed with blood group A substance from human saliva and 
stomach (Table II) as well as with materials prepared by the same methods 
from O saliva and stomach. Data are included on the relative viscosity and 
on the capacity of the various samples to predpitate anti-hog A formed in man 
(7). For instance, the substances from human stomachs 2 and 3 both showed. 
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the same capacity to precipitate anti-A but that from stomach 2 was about 
twice as potent in precipitating antibody from Type XIV antipneumococcal 
serum. Similarly, the products from B, K. precipitated considerably more 
antibody in the cross-reaction than did A. B.i or W. H.i 10 per cent precipitates 

TABLE I 

Cross-Reaction oj Purified Blood Group A and 0 Substances from Individual Eog Stomach Linings 
with Type XIV Antipneumococcal Horse Sera 


Total nitrogen precipitated 


Amount 
blood group 
substance 
added 

Blood group A substances | 

Blood group 0 substances 

Hog 3 

Hog 8 

Supernatant 

Hog 

10 

Supernatant 

Hog 

15 

Hog 16* 

Hog 

13 

Hog 

19 

Hog 

25 

Hog 

27 

Hog 29t 

Hogs 

Anti- 

body 

+ 

Hog 

10 

+. 

Anti- 

body 

(n) 

(j) 

(a) 


w 



PS- 



m 



Jogl 

IQ 


m 

iQI 


m 


m 



0.5 mL H635 


50 

15 



+ 

13 

+4- 


8 

12 

9 

16 

12 


24 

23 

21 

IS 

100 

22 

32 

++ 

+ 

8 

++ 


13 

IS 

15 

27 

20 


33 

28 

29 

25 

150 

31 

42 

++ 

+ 

13 

++ 

++ 

17 

24 

19 

39 

24 


46 

35 

36 

31 

250 

46 

54 

++ 

+ 

16 

++ 

++ 

23 


25 

43 

23 

IS 

64 

44 

46 

39 

500 

72 

72 

+± 

1+S: 

19 

++ 

++ 

35 

39 

38 

64 


23 

80 

63 

66 

60 


0.5 ml. A66 


50 

lOQ 

ISO 

200 

300 

400 

500 


19 

25 

23 

33 

36 

42 

++++ 

+++± 

+++ 

+++ 

+++ 

+ 

++± 

+++ 

+++ 

+++ 

16 

20 

20 

21 

17 

13 

-t-+ 

++ 

-t- 

-t-± 

+± 

-f 

++ 






17 

24 

31 

32 

37 

43 

31 

48 

54 

77 

73 

96 




» id.} (5)... 

1.65 

1.39 



1.71 



1.64 


1.58 

1.5S 

1.27 

1.56 

B 


1.65 



* Set (b) was identical with set (o) but tubes were allowed to remain in tbe relrigerator for 2 weeks instead of 1 week. 
X Sets (6) and (c) run 6 weeks after set (o), set (e) was washed and analyzed after 2 weeks in tbe refrigerator. Fresh 
solullon used lor set (a). 

I Relative viscosity of 0.2 per cent solution in 0.9 per cent saline. 


(7) although they showed only about one-half the potency in precipitating 
anti-A. 

The preparations from amniotic fluid and from human stomach 1 were 
unusually potent in precipitating with Type XTV antiserum although they 
showed only 17 per cent of the capacity of other samples in precipitating anti-A. 
Blood group B substance from human saliva also precipitated with Type XIV 
antisenun, essentially similar data being obtained with the phenol-insoluble 
and 10 per cent precipitate. 
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T.XBLE II 

Cross-Reaction of Purified Blood Group Substances from Unman Sources with Type XIV 

Anti pneumococcal Horse Sera 

Total nitrogen precipitated 


Amount 

substance 

added 




Human saliva 


A substance 

B sub- 
stance 

Sub- 
stance 
from 0 
saliva 

A. 

B. < 

G. 

C. 

w. 

H.i 

W. H.i 

B. 

K. 

M. 

S. 

W. 

G. 

S. E. 

F. 

P. 

Bd 


*o 


*3 


•3'S 


*o 


*3 

*0 

o 




10% 


I07o 

.3 

10% 

.3 

10% 


10% 


c 


10% 

10% 

10% 

ppt. 

*s 

ppt. 


ppt. 


ppt. 


ppt. 




ppt. 

ppt. 

ppt. 


a 


a 


a’g 


a 


c 

a 

c: 





J3 


M 




JH 


JC3 

M 






Pi 


Pi 


Pi 


Pi 


Pi 

Pi 

Pi 




H 

g 

g 

IQI 

IQII 

g 

Pi- 

g 

g 

g 

g 

m 

g 

g 

m 

O.S ml. U63S 

19 

13 


IS 

15 

10 

16 

20 

16 

31 

22 

20 

B 

30 

11 

30 

26 


30 

23 

20 

29 

32 

29 

47 

38 

31 


47 

16 

34 

36 


39 

29 

23 

39 

46 

41 

61 

46 

36 


62 

25 

46 

50 


SO 

43 

40 

60 

63 

60 

74 

61 

42 

46 

86 

29 

61 

60 


31 

55 

58 

102 

86 

31 

88 


56 

65 

105 

42 


;\mni- 

otic 

fluid 


A sub- 
stance 


insol- 

uble 


uS- 


Human stomach 


A substance 


pf . Pi- Pi- Pi' 


SO 

100 

ISO 

2S0 

SOO 


44 

70 

S6 

103 

12S 


O.S ml. A66 


■■ 

■ 

17 

IS 


16 







14 

9 



27 







g 

25 

29 


25 







17 

14 



43 







g 

36 

35 


34 







20 

16 



51 







g 











26 

24 



63 






mm 

■ 




40 







37 

33 



83 






nrel (7)... 
Relative 

1.25 



1.35 

1.23 

1.13 

1.13 

1.27 

1.13 







1.20 


1.11 


1.13 


capacity 
to pre- 
cipitate 
anti-A 
(7) 

100 



78 

100 

25 

80; 100 

4S 

46 

86 

40 





17 

17 

100 

100 

63 











— 




DISCUSSION 

The data presented confirm previous observations (3) that purified hog 
blood group A substances precipitate with XIV antipneumococcal horse 
serum and in addition establish that hog blood group O substances and human 
blood group substances from individuals of groups A, B, and O also cross- 
react with Type XIV antipneumococcal antibod 3 ^ Since these purified prep- 
arations appear to contain some of the essential constituents of the TyP® 


Stance 






























E. A. KABAT, A. BENDICH, A. E. BEZER, AND V. KNADB 


299 


XIV specific polysaccharide, iV-acetyW-glucosamine and galactose, it seems 
reasonable to attribute the cross-reactivity to this similarity in chemical com- 
position and thereby to provide a reasonable explanation for the capacity of 
Type XIV antiserum to agglutinate human erythrocytes of all four blood 
groups. Preparations of the various blood group substances also inhibit the 
agglutination of human A, B, or 0 erythrocytes by the Type XIV antiserum. 

The broad zones over which supernatants from the reaction of the blood 
group substances with Type XIV horse antiserum invariably showed the 
presence of both antigen and antibody are also best interpreted on the basis 
of a cross-reaction similar to that between Types III and VIII antipenumococ- 
cal horse antibodies and their heterologous specific polysaccharides (10, 11). 

Individual preparations of purified hog blood group A substances, all of 
which were shown by quantitative immunochemical assays to be of equal 
potency in their reactivity with anti-hog A formed in man (5), vary widely in 
their cross-reactivity with Type XIV antipneumococcal antibody (Table I). 
Similar variations apparently unrelated to the capacity of the substance to 
precipitate anti-A were also found for the human A substances from saliva and 
stomach (7). Whether the differences in the cross-reactivity of the various 
0 substances from hog stomachs and of materials of similar composition from 
human group 0 saliva are also unrelated to their potency as group 0 sub- 
stances cannot yet be decided since quantitative precipitin assays for anti-0 
are not available and assays by inhibition of hemagglutination are not suf- 
ficiently precise to provide a definitive answer. The differences in cross-reac- 
tivity among the individual A or 0 preparations could not be correlated with 
the relative viscosity of their solutions, and do not appear to be due to technical 
difficulties such as failure to attain maximum precipitation since identical 
results were obtained when precipitin analyses were (hogs 16 and 29, Table I) 
carried out after the tubes had been in the refrigerator for 2 weeks instead of 
1 week; in addition no detectable change in precipitating capacity of the sub- 
stance from hog 29 occurred after the solution had remained 6 weeks in the 
refrigerator. 

It is not possible at present to offer an adequate explanation of these find- 
ings. However, it has previously been established by quantitative precipitin 
assays that solutions of hog blood group A substance are extraordinarily stable 
with regard to their blood group A activity, no detectable reduction in potency 
occurring after exposure for 2 hours at 100°C. in solutions varying in pH from 
2.97 to 7.58 (12). That such individual preparations may vary in their cross- 
reactivity with Type XIV antipneumococcal serum and not in their blood group 
A activity suggests that the two activities may be associated with different por- 
tions of the complex molecule and that it may be possible under suitable 
conditions to alter one without affecting the other. It is apparent that any 
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adequate explanation of the chemical basis for the unique biological activities 
of the blood group substances must account for the differences herein noted. 

SUJDIARY 

Purified blood group A, B, and 0 substances from hog and human sources 
precipitate with Type XIV antipneumococcal horse serum and provide an 
e.xplanation for the observation that Type XIV antibody agglutinates human 
erythrocytes of all four major blood groups. 

Individual preparations of A substance or 0 substance from either species 
vary in their capacity to precipitate Type XIV antibody although the hog A 
substances did not differ in potency toward anti-A. Similarly, no correlation 
between A activity and reactivity with Type XIV antibody could be found 
among the human A substances. 
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Tbe abiEty of red cells from various species to adsorb and elute the viruses of 
influensa, mumps, and Newcastle disease is of general interest in the problem 
of the mechanism of infection by viruses since the red cell-virus system may well 
involve principles which apply to the virus-host cell relationship. The elution 
of vims from cells, accompanied by the disappearance of the virus-adsorbing 
capacity of the cells, indicates that an active destructive process has occurred. 
It has been suggested (1) that the destruction of receptors is due to an enzyme 
possessed by the vims, which is active against a substrate possessed by the cell, 
and no subsequent developments have suggested a more likely alternative. 
The ultimate goal in proof of this theory is clearly to isolate the cellular sub- 
strate and show what type of chemical action the vims may have upon it. 

There are several main ways in which the problem may be attacked: (1) 
attempts' to isolate the receptor from the red cell; (2) treatment of the intact 
cell with reagents which may inactivate the receptor and give some clew 
to its chemical nature; and (3) searching for analogues of the receptor sub- 
stance from other biological sources. In the present work only the second 
and third methods are used. 

Methods 

The virus strains used in this work were the PR8 strain of influenza A, the Lee strain of in- 
fluenza B, and strain L230, which is aa influenza A strain isolated in the epidemic of early 1947. 
The virus suspensions used were all prepared from allantoic fluid and were usually dialyzed 
against phosphate buffer before use. All of the hemagglutinin and agglutinin inhibition titra- 
tions uere carried out by the densitometric method of Hirst and Pickets (2) and titers are ex- 
pressed as the reciprocal of the final dilution of either virus or serum. All titration values have 
bren corrected and given in terras of initial serum or virus concentrations so that they may be 
directly compared. 

■ EXPERIMENTAL 

The Treatment of Red Cells with Physical and Chemical Agents and Their E^ect 
on the Receptor Substance 

Red cells can be e.xposed to various reagents and tested for their capacity to 
agglutinate with different quantities of vims but this technique has deficiencies 
owing to tlie frequent occurrence of spontaneous red cell agglutination after 

30t 
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treatment, which renders the test unworkable. Another method of testing the 
activity of receptors is to measure the amount of virus which treated red cells 
can absorb from a virus suspension under standard conditions and to compare 
this with the adsorptive capacity of various concentrations of untreated red 
cells. By this method the degree of receptor damage is measured in terms of 
receptor-virus interaction and the purely secondary effect of agglutination is 
e.xcluded. On comparing the adsorption of treated cells with that of equal and 
lesser concentrations of normal cells one can estimate in a rough quantitative 
way the degree of receptor damage. 

In the following series of e.xperiments fowl red cells were treated in various 
ways and, after washing to get rid of the e.xcess of reagent, the cells were tested 
for their capacity to adsorb virus by mi.xing them with influenza suspensions at 
0°C. for 30 minutes. The cells were centrifuged out and the supernatant 
titered for residual unabsorbed hemagglutinin(l). At the same time ad- 
sorption was carried out with normal cells, both in the same concentration as 
the treated cells and in lesser amounts in order to provide a scale of comparison. 
An e.xample of the change in virus adsorption with various concentrations of 
cells is given in Table IV. With a relatively high concentration (1.5 per cent) 
adsorption is usually fairly complete and falls off little as the concentration of 
cells is reduced. With very dilute cell suspensions tlie adsorption is so small 
that it cannot be accurately measured in the presence of the large amount of 
residual virus; but there is a wide range where satisfactory values are obtained. 

The most serious drawback to a clear interpretation of tire results of this type 
of experiment is that tire reagents used may cause damage to the cell which 
reduces its adsorption capacity but this does not necessarily mean direct 
damage to tire receptor. Under certain conditions cells or cell debris may ad- 
sorb virus in such a manner that it cannot be readily eluted and it is probable 
that such adsorption is due to substances other than tire surface virus receptor. 
In all tests reported below, complete or nearly complete elution of virus was 
demonstrated after adsorption on treated cells, tliough the data are not given 
in the tables. 


Ejfecl of Hemolysis on Virns Receptors 

Red cells were hemolyzed in distilled water and washed thoroughly in saline 
until free of red color. This treatment results in a considerable cliange in 
morphology of the ghosts. Various concentrations of diis stromal material 
and of untreated cells were added to a suspension of PR8 virus and their 
adsorptive capacity was tested (Table I). The stroma definitely adsorbed 
(and eluted) virus but had only about one-twentieth of the capacity of un- 
treated cells. Similar results were obtained with stroma prepared by homo- 
genization of cells in saline. 
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In another experiment red cells were hemolyzed with saponin (toxic) (1 cc. 
of a 5 per cent aqueous solution per 4 cc. of packed cells) and the ghosts were 
washed free of visible hemoglobin. In this preparation the morphology of the 
cells remained intact and their capacity to adsorb virus was undiminished 
(Table I) and when these ghosts were treated with 5 per cent formalin for 2 
days and then washed there was also no effect on their adsorptive capacity. 
When the cell ghosts were homogenized their adsorptive capacity dropped 
markedly as in the first experiment detailed. Repeated washing of the stroma 
does not further reduce the adsorptive capacity. 

TABLE I 


Adsorption of Virus {PR8) by Red Cells Lysed mlh Distilled Water and Saponin 



Adsorption with normal cells 
at various concentrations* 

Control 

no 

cells 

Adsorption With water-lysed stroma 
at various concentrations* 

1 

3 per 
cent 

1.5 

1 per 
cent 

0.75 

per 

cent 

■ 0.37 1 

per 
cent ] 

SO 

per 

cent 

40 

per 

cent 

20 

per 

cent 

10 

per 

cent 

5 per 
cent 

TiUr after adsorption 

6 

11 

20 

39 

91 

4 

9 

16 

32 

79 


Adsorption with: 



3 per cent 
normal 
untreated 

Control 
no cells 

Saponin* 

gnosts 

S per cent 

Saponin 
ghosts* in 

5 per cent 
formalin 

3 per cent 

Saponin 

ghosts* 

homogenized 

3 per cent 

Titer after adsorption 

74 

294 

1 

74 

60 

208 


Red cells or stroma and virus were combined in equal volume at 0°C. for 30 minutes and 
after centrifugation the supernatant hemagglutinin titer was tested. 

* Concentration expressed in terms of red cells before lysis. 


The disappearance of receptor activity when cells are broken up seems to 
correlate nicely with the findings of Friedewald, Miller, and Whatley (3) who 
demonstrated the presence of an inhibitor in the supernatant fluid when cells 
were homogenized, which inhibitor they believe tp be the receptor substance. 
However, if red cells are treated with saponin and the supernatant is dialyzed 
.free of saponin it can be shown to contain a considerable amount of virus in- 
hibitor when tested by Friedewald’s technique. Nevertheless, the ghosts from 
which the inhibitor has been extracted show no decrease in their ability to 
adsorb virus, indicating either that only a small fraction of the receptors has 
gone into solution or that some of the extractable inhibitor is of a different 
character from the virus receptor. 

Resistance of Receptors to Healing 

Saline suspensions of 3 per cent red cells were heated at temperatures of 
56 C. and over for 30 minutes and their ability to adsorb virus was tested 
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together with that of control cells (Tabic II). The adsorptive capacity of cells 
heated at 56° and 65°C. did not change detectably, while at higher temperatures 
specific adsorption (and elution) was found but it was less than 12 per cent of 
normal and there were considerable hemolysis and breakdown of cells. Since 
the reduced adsorption after using higher temperatures may have been due to 

TABLE II 

Adsorption of Virus (PRS) by Red Ceils and Water-Lysed Stroma after Heating at Various 

Temperatures 


Whole cells 


1 

Untreated cells at various 
concentrations 

Control 
no cells 

3 per cent cells heated for 

30 min. at various 
temperatures 

3 per 
cent 

l.S 

per 

cent 

0.75 

per 

cent 

mm 

HSI 

56* 

65* 

75° 

85* 

Titer after adsorption 

12 

20 

1 

52 

* 64 

182 

4 

3 

97 

102 


Water-lysed stroma 



Unhealed, at various 
concentrations* 

No stroma 

60 per cent stroma* heated 

30 min. at various 
temperatures 

60 

per 

cent 

30 

per 

cent 

IS 

per 

cent 

7.5 

per 

cent 

56* 

65* 

75* 

S5* 

Titer after adsorption 

20 

1 

39 

1 

I 74 

120 

182 

13 

20 

39 

49 


Red cells (heated and unheated) were combined in equal volume with PRS virus (titer 
182) and after 30 minutes at 0° C. the cells were removed and the hemagglutinin titer of the 
supernatant determined, 

* All percentages are in terms of normal cells before lysis. 

structural alteration in cells ratlier tlian receptor inactivation, a similar e.xper- 
iment was done with cell stroma obtained by hemolysis with water, in which the 
moiphology was already altered, and with tliis preparation heating at 85 C. 
resulted in a loss of only a little over half tlie activity. It is clear that the 
receptor substance is quite stable to heat. 

Stability of Receptor Substance at Dijfcrent pH Levels 

PRS virus was suspended in citrate-phosphate buffer solutions at different 
pH levels and after 30 minutes dilutions of the suspensions were made in 
phosphate buffer (pH 7.1, u 0.11) and tlie hemagglutinin titered. As shown 
in Table III tliere was no adverse effect on the hemagglutinin after suspension 
in solutions of pH 2.4 to 10.3. Red cells were then suspended in similar buffers 
covering the same range of pH and after 30 minutes the cells were washed in 
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phosphate buffer at pH 7.1 and were then added in 3 per cent concentration to 
equal volumes of PR8 virus which had a titer of 270. All of the cells adsorbed 
virus well except those which had been exposed to a pH of 3.14 and 2.60, the 
last adsorbing practically no virus. Hemolysis occurred at these lower pH 
levels, indicating that the effect may have been due to alteration of the cells and 
not necessarily the receptor substance. 

Effect of Tryptic Digestion on the Receptor Substance 

Tryptic digestion of cells was usually accompanied by some destruction of 
cell morphology and ordinarily by complete loss of receptor activity. Saponin- 

TABLE ni 


£J'ec( of Exposure at Diifereni pE Lecels on the Influenza Virus Eemagglutinin and on Red 

Cell Receptors 


Virus exposed 1 hr. at: 

Titer 

Red cells exposed 

1 hr. at: 

Titer of supernatant 
after adsorption 

ta 


PB 


2.42 

2S6 

2.60* 

208 

3.06 

239 

3.14* 

32 

4.12 

I 158 

i 4.19 

20 

4.78 

158 

4.85 

20 

5.40 

158 

5.50 

24 

6.11 

138 

6.21 

16 

7.10 

158 

7.10 

20 

10.33 

158 

10.15 

24 



Control no cells 

275 


* Cells showed some hemolysis after treatment. 


lysed cells treated with formalin, however, retained their morphology on 
digestion with crystalline trypsin but this procedure was accompanied by a 
marked though not quite complete loss of virus-adsorbing capacity. From this 
latter result it seemed probable that trypsin had a direct effect on the receptor. 

The extraction of cells and stroma with lipid solvents resulted in complete 
loss of adsorbing capacity but the change in the physical state of the extracted 
materials was such that no conclusions could be drawn. 

The Effect of Oxidizing Agents on the Receptor Substance 

In casting about for reagents which had some degree of specificity against 
various classes of natural substances the effect of sodium periodate was tested 
on normal red cells.' This substance even in low concentration was very 
effective in inactivating the receptor substance without destroying the mor- 

‘ The author is indebted to Dr. R. D. Hotchkiss of The Rockefeller Institute for Jlcdical 
Research for this suggestion. 
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phology of the cell. In order to try to establish the specificity of this effect 
various other o.xidizing agents were tested (Table IV). Equal volumes of 1.5 
per cent red cells were added to these reagents in several strengths and after 
standing 1 hour the cells were spun out, washed once in Ar/20 sodium thiosulfate 


TiVBLE IV 

EJfcct of Oxidizing Agents on the Adsorbing Capacity of Red Cells 


Oxidizing agent 

Cells treated with oxidizing agent in various 
concentrations 

Untreated cell controls 

ii/iO 

ll/too 

u/lOOO 

Concen- 

tration 

normal 

cells 

Per 
cent 
of full 
concen- 
tration 

Titer 

after 

adsorp- 

tion 

Tiler 

niter 

adsorp- 

tion 

Per 

cent of 
normal 
adsorb- 
ing 
capa- 
city 

Titer 

after 

adsorp- 

tion 

Per 

cent of 
normal 
adsorbing 
capacity 

Titer 

after 

adsorp- 

tion 

Per 

cent of 
normal 
adsorb 
ing 
capa- 
city 








yer cent 



Kx(Fe(CN)). 

3.5 

90 

2.8 

100 

5.7 

75 

1.50 

100 

3.0 

KMnO* 

42* 

IS 

14* 

48 

18* 

45 

1.35 

90 

3.5 

KsCr^O? 

21* 

42 

3 

100 

4 

79 

1.20 

SO 

3.8 

ij 

, 4 

79 

3 7 

83 

4 

79 

1.05 

70 

8.6 

HA 

4 

79 

4,3 

78 

4.3 

78 

0.90 

60 

11 

NalO, 

3.5 

90 

3.2 

95 

3.0 

100 

0.75 

50 

12 

NaI 04 * glucose 

3.5 

90 

3.7 

83 

3.7 

83 

0.60 

40 

23 

NalO* 

97 

3 

97 

3 

112 

0 

0.45 

30 

25 








0.30 

20 

37 








0.15 

10 

64 








0.075 

5 

79 








0.037 

2.5 

104 








Control 

— 

109 








no 







' 



cells 




Equal volumes of cells (1.5 per cent) and o.xidizing reagent were combined for 1 hour after 
which the cells were centrifuged and the supernatant discarded. The cells were washed 
once with sodium thiosulfate ii/lO and twice with saline. The cells were restored to original 
volume, added to an equal quantity of PRS virus (titer 109) at 0°C., kept in suspension for 
30 minutes, removed by centrifugation, and the supernatant was titered for hemagglutinins. 

* Cells showed marked morphological changes after treatment. 


solution and twice in saline. They were tested for their capacity to adsorb 
influenza virus as compared with normal cells. E.xcept where the reagents 
caused morphologic clianges in the cells their adsorbing capacity was reduced 
only 25 per cent or less. Considering the very minor changes in adsorption 
with the control cells in this range a loss of 25 per cent cannot be considered 
significant. In marked contrast was the effect of sodium periodate which 
abolislied receptor activity in thousandtli molar concentration without any 
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change in cellular morphology although there was a change in hemoglobin 
color and slight hemolysis. Sodium iodate had no effect and neither did 
periodate to which glucose had been previously added. This would point to a 
specific oxidizing effect of the periodate radical which is known to affect mainly 
carbohydrates in biological materials by splitting the carbon-carbon bond 
where there are adjacent hydroxyl groups. 

On the basis of the evidence presented one may say that at least part of the 
active agent responsible for the adsorption of virus to red cells may be car- 
bohydrate, possibly polysaccharide.^ The stability of the receptor to alkali 
and to heat would be in keeping with this suggestion while the destruction of 
receptor activity by trypsin indicates that a protein component may be present 
and necessary for activity. 

The Nature of the Inhibitor Substance in Serum 

When the inhibition of agglutination of red cells by influenza virus was first 
used for the titration of specific antibody (5) it was discovered that the normal 
sera of rabbits and fenets, though free from antibody, nevertheless had a fairly 
high titer of inhibition, so that when normal sera were combined with virus the 
latter could be prevented from agglutinating red cells even in fairly high dilution 
of serum. This in vitro inhibition of agglutination is not paralleled by in vivo 
neutralization except with the influenza A strains of 1947 (6). The inhibitory 
titer varies from animal to animal and is very high in rabbit and ferret sera but 
low in horse serum. The inhibitor is extremely stable at high temperatures and 
resists 100°C. for 15 minutes. This finding does not accord with that of 
McCrea (7) who reported inactivation of rabbit serum inhibitor at 62°C. 
Soon after the discovery of the effect of periodates on the receptors of red cells it 
was found that they had a similar destroying action on the inhibitory substance 
in normal serum (Table V) which suggested that serum inhibitor might be 
related to the red cell receptor. 

One volume of serum (inactivated at 56° for 30 minutes) was added to one 
volume of 0.05 it NalOi and after 2 hours the remaining periodate was in- 
activated by the addition of glucose (two volumes of 5 per cent solution). 
Rabbit sera containing specific influenza antibodies were treated in a similar 
manner. Sera which were treated with sodium periodate which had been 
previously inactivated with glucose, and untreated controls were tested together 
with periodate-treated sera for their inhibitory titer with 4 units of PR8 virus. 
The inhibitor in normal rabbit serum was reduced by sodium periodate from a 
titer of 145 to less than 16, while inactivated sodium periodate had no effect. 

The prcliinmary observations on the edcct of periodate on receptors were made while the 
autlior was on the staff of the IntemaUonal Health Division of The Rockefeller Foundation 
and a brief summary, including the implication of carbohydrate, was published in the annual 
report of that Division and was made generally available in late 1946 (4). 
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The immune rabbit serum was somewhat reduced in titer by sodium periodate. 
Similar results were obtained with an acute and convalescent pair of sera from 
human influenza A infection, with a marked drop in the acute instance and a 
lesser percentage drop in the inhibitory titer of the convalescent serum. 

Action of Oxidizing Agents and Trypsin on Serum Inhibitor 

The same o.xidizing agents which were shown to be ineffective in inactivating 
the virus receptor on the red cell were tested on the inhibitor of normal rabbit 
serum. Equal volumes of reagent and serum were combined and after 2 hours 
were dialyzed against a phosphate buffer. HCl was added to another specimen 
until the pH dropped to 2.0. After 24 hours, dialysis, inhibition tests were 

T^VBLE V 


Effect of Sodium Periodate on Asglulinalion Inhibition with Normal and Itnmune Sera os 

Tested with PRS Virus 


Treated with 

Normal 

rabbit 

scrum 

1 

Immune 

rabbit 

scrum 

Acute 
influcaza A 
human scrum 

Convalescent 
induenza A 
human scrum 

Increment of rise 
in human serum 

Control 

■a 

295 

111 

■■ 

6.1 times 

NalOj and glucose 


335 

111 


5.2 times 

NalOr 


208 

16 

240 

15 times 


Reagents (saline, NalOt inactivated with glucose, and NaIO<ii/20) were added to serum 
in equal volume. After 30 minutes two volumes of glucose were added to the sera receiving 
periodate. Hemagglutinin inhibition titrations were done with 4 units of PRS virus. 


performed against 4 units of PRS virus. The results (Table VI) were clear cut 
and showed no major effect on the inhibitor by any oxidizing agent except 
sodium periodate, which correlates well with the similar experiment on red cell 
receptors (Table IV). A pH of 2.0 had no effect on the inhibitory titer, which 
is consistent with the red cell effect only if one interprets the loss of receptor 
activity from cells at low pH as being due to change in ceU morpholog3^ 

Normal rabbit serum was treated with an equal volume of crystalline trypsin 
(250 mg. per cent) at 37°C. for 3 hours with a marked reduction in inhibitory 
titer as shown in Table VII, an effect which is consistent with the conclusion 
reached with respect to the effect of trypsin on formalinized red ceU ghosts. 
Lipid extraction did not lower the inhibitory titer of serum. 

The analogy of the normal serum inhibitor and the red ceU receptor is, on the 
whole, rather striking in that they both undergo a similar destruction with 
sodium periodate but not with other oxidizing agents, both are destroyed by 
trypsin, and both are quite stable to heat and to high pH levels. A more 
clinching argument for their simUarity would be found if it could be shown that 
the inhibitor is destroyed by virus. 
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Effect of Influenza Virus on Normal Serum Inhibitor 

If influenza virus can destroy the inhibitor in normal rabbit serum then a 
titration of normal serum which has been in contact with virus for some time 


TABLE VI 

Trealmenl oj Normal Rabbit Serum mth Oxidizing Agents and Its Efect on Inhibition 

of Agglutination 


Serum treated with: 

Hemagglutiniu inhibition titer after treatment with reagent 
in various concentratiozu 


0.1 U 

0.01 It 

K,(Fe(CN)). 

275 u 

223 u 

KMnOt 

147 11 

169 u 

KtCfiOr 1 

36211 

27511 

h 

223 11 

18211 

HjOi 

23911* 

294 11* 

NalO* 

<8iit 

64 m 

HCl 

275 ii§ 


Control 

294 u 



Reagents were added La equal volume to undiluted rabbit serum which had previously 
been inactivated at 56°C. After 1 hour the mixtures were dialyzed against a phosphate 
buffer and inhibition tests were carried out in the usual manner agwnst 4 units of PR8 virus. 
The titrations were not very exact because of volume changes which took place on dialysis, 
which were not corrected. 

* Concentration added was 0.88 IL 
t Concentration added was 0.05 u. 

§ Concentration sufficient to bring to pH 2.0, pH was 6.97 after dialysis. 

TABLE VH 


Inhibition of Agglutination by Serum Treated with Crystalline Trypsin 



Tested with: 


PRS Virus 

Lee virus 

Serum control 

60 

42 

Serum treated with trypsin 

<16 

<16 


Equal volumes of serum and trypsin solution (250 mg. per cent) were combined and in- 
cubated at 37°C. for 3 hours. 


should give less inhibition on the addition of the test red cells than a similar 
titration in which the virus had been added to the serum immediately before 
the addition of cells. When virus was left in contact with serum dilutions for 
20 hours or longer very definite decreases in serum inhibition were noted. Very 
definite decreases in serum inhibition have also been found over short periods 
of time but involve other techniques which will be described in a later paper. 
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In the first e.xperiment (Fig. 1) the L230 strain was used. Normal rabbit 
serum, inactivated at 56°C. for 30 minutes, was diluted serially in saline. To 
one set of serum dilutions virus was added so that the final concentration in each 
test tube would be 18 units. These tubes stood for 20 hours at room temper- 
ature. After 20 hours the same amount of virus was added to a second set of 



Fig. 1. Agglutination inhibition test with strain L230 virus and normal rabbit serum. In 
the case of the middle curve (solid line) the virus was added to the serum 20 hours before the 
red cells. For the lower curve the virus was added 10 minutes before testing. The upper 
curve represents the results witlj serum treated with NalOi and tested with virus added 10 
minutes before testing with red cells. The curves show the percentage of the red cells added 
which were agglutinated by the virus and sedimented in 75 minutes time. The amount of 
virus used sufficed to agglutinate 85 per cent of the cells in the absence of any inhibitor. 

serum dilutions and after 10 minutes cells were added to the entire test, which 
was then read in 75 minutes. The percentage of cells agglutinated is plotted 
for each tube. The amount of virus used was sufficient in the absence of in- 
hibitor to agglutinate 85 per cent of the red cells, but this maximum of ag- 
glutination could have been achieved by one-fourth as much virus. The strain 
used is one which normal sera inhibit to exceptionally high titer and it is even 
neutralized by normal rabbit sera in in ovo tests (6). When this virus was added 
to normal rabbit serum just before the addition of the indicator cells there was 
complete suppression of agglutination in dilutions of serum l.’S and 1:16, 
and detectable inhibition was present at a dilution of 1 :512. When virus and 
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serum were allowed to stand in contact for 20 hours however, serum-virus 
mixtures in the lower range of serum dilution showed a marked increase in the 
agglutination of red cells, from zero to 48 per cent and this increase was signifi- 
cant in dilutions as high as 1:128. Similar results with the Lee strain are 
shown in Fig. 2. In each case control vims hemagglutinin titrations showed no 
change in titer over the 20 hour period. For comparison periodate-treated 
sera are included in each figure, the Arims being added in these titrations im- 
mediately before the cells. 



legend of Fig. 1. 

Contrary to the usual result when an active agent and an inhibitor are alloAved 
to incubate in contact, the vims-inhibitor system showed a decrease in in- 
hibition as virus suspension and inhibitor were allowed to interact. The 
simplest interpretation of this is that the virus has the ability to destroy the 
inhibitor in serum. It is possible that the inhibitor is destroyed by an agent 
present in allantoic fluid not directly connected with the vims. This possi- 
bility seems unlikely in view of the analogies of the reaction with that of the 
red cell-virus system in which the active agent is generally accepted to reside 
on the virus. Normal allantoic fluid and allantoic fluid from which most of the 
virus has been removed by centrifugation, do not remove the inhibitory sub- 
stance from semm while the inhibitor-destroying property is retained by vims 
purified by centrifugation or by adsorption on, and elution from red cells. 
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Burnet, McCrea, and Stone (8) have shown that a cholera vibrio filtrate has 
the power to remove receptors from red cells in a manner quite analogous to 
the action of viruses. During the course of this investigation Burnet et al. 
(9) also reported the inactivation of serum inhibitor with cholera vibrio filtrates 
and by influenza virus but no details of method for the latter were offered. 
The main facts concerning the cholera vibrio filtrate have been confirmed in this 
laboratory. 


DISCUSSION 

The discovery that influenza virus after adsorption on red cells or respiratory 
cells (1, 10) elutes readily and completely, suggested strongly that the virasis 
possessed of an enzyme which is capable of inactivating a receptor substance on 
red cells. Since that time no contrary hypothesis has been put fonvard to 
explain the initial facts and most investigators of tlie problem have directed 
their efforts toward tests of this theory. Proof of it very clearly consists in 
identifying the substrate and the chemical nature of the enzymatic destruction 
of it by virus. 

The present work suggests strongly that the substrate in question is muco- 
polysaccharide in nature and tliat both tlie protein and the polysaccharide 
components are necessary for its combination with virus. It seems veiy likely 
that a close analogue of tliis receptor substance is present in considerable 
quantity in normal serum. 

The basic facts concerning the action of periodate and the implication of 
carbohydrate in the receptor substance, published in 1946 (4), suggested the 
e.xploration of mucins to Burnet and his collaborators (11). Very recently 
Burnet (12) has stated, in a preliminary note, that fluid from a pseudomucinous 
cyst and blood group O substance inhibit influenza virus agglutination mark- 
edly, and tliat the inhibition is reduced by incubating virus and 0 substance 
together, probably in a manner analogous to the serum inhibition tests shown 
here. This is a long step toward the solution of tlie problem and is completely 
in keeping with the implications in tliis paper. 

Greene and Woolley (13) have found several naturally occurring poly- 
saccharides (most notably apple pectin) to have a pronounced effect both m 
inhibition of red cell agglutination by influenza virus and in prevention of 
infection in chick embiyos. Later Ginsberg, Goebel, and Horsfall (14) found 
that the capsular polysaccharide of type B Friedlander bacillus blocked the 
agglutination of red cells by mumps virus but not by influenza A or B. Both 
groups found that red cells could be treated with carbohydrate and then 
washed and still retain tlieir inagglutinability. The action in these cases seems 
to be between carbohydrate and red cells, with a specific blocking of receptor 
points. The demonstration of action between virus and carbohydrate was not 
convincing and witli apple pectin in higher concentrations the red cells were 
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actually agglutinated by the carbohydrate. These experiments, though 
highly interesting, do not suggest that the polysaccharides used were neces- 
sarily chemical analogues of the receptor substance. Immersion of red cells 
in serum containing inhibitor, for example, does not destroy their agglutin- 
ability by virus if they are washed before testing, and they do not adsorb 
inhibitor from the serum. 

Both Friedewald, Miller, and Whatley (3) and Bovamick et ah (15, 16) 
have reported the extraction from cells of virus inhibitors which are destroyed 
in the presence of virus and which they believe may be the receptor substance 
in solution. The latter group obtained potent extracts by the use of lipid 
solvents and their best material contained about SO per cent polysaccharide. 
The presence of polysaccharide is in keeping with the work reported above. 
There is a striking resemblance of the virus receptor substance to the blood 
group substances in that the form in the cell seems to be water-insoluble while 
water-soluble forms can be found elsewhere. 

The destruction of inhibitor in sera by periodate suggests a practical use for 
this agent in e liminatin g this factor from sera which are to be tested for in- 
fluenza antibody. This aspect of the inhibitor problem will be elaborated in 
another paper. 


SUMMARY 

The influenza virus receptors of fowl red cells and the influenza virus in- 
hibitor of normal rabbit serum have the following attributes in common: 
They are stable at high temperatures and in solutions of pH as high as 10.0. 
They both resist destruction by a number of oxidizing agents but are readily 
destroyed by sodium periodate, trypsin, and influenza virus. These facts 
suggest that the red cell receptor and the normal serum inhibitor are either the 
same or analogous substances and that they may belong to the mucoprotein 
class of compounds. 
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In a previous paper (1), it was shown that the influenza virus receptors of 
red cells and the virus agglutmation inhibitor present in normal serum have 
many features in common. They are both destroyed by trypsin, sodium 
penmate in high dilution, and by influenza virus itself. They are both quite 
heat-stable and resist exposure to wide changes in hydrogen ion concentration. 
Of these similarities, the most striking and significant is the destruction by 
influenza virus. In the present paper, the adsorption and elution of influenza 
virus after heating at Sd^C. will be described, together with the use of heated 
preparations for the measurement of serum inhibition. This method of 
measuring serum inhibition is such a great improvement over the use of un- 
heated virus that the destruction of serum inhibitor by active virus can be 
much more conclusively demonstrated. 

Methods 

The strains used in the present experiments were the PR8 strain of influenza A, the Lee 
strain of influenza B, and strain L230 which was isolated from the influenza A epidemic of 1947 
and is characterized by the fact that it is inhibited by high dilutions of normal serum. Hemag- 
glutinin titrations and serum inhibition tests were performed in the usual manner by the 
method of Hirst and Pickels (2). All the rabbit senun used was from a single pool and, unless 
othenvise indicated, was inactivated by heating at 56°C. for 30 minutes before use. All of the 
dilutions of serum were prepared in excess amounts so that they could be put into the final 
tubes without blowing out the pipettes. Pipettes were changed with each dilution. All titers 
arc expressed as the reciprocal of the dilution and have been corrected for volume changes so 
diat they can be compared directly. The hemagglutinating activity is occasionally referred to 
m terms of um’ts. A unit may be defined as the amount of hemagglutinin which, in a final 
volume of 2 cc., will cause 50 per cent of the cells to agglutinate. The titer of a preparation 
{expressed as the reciprocal of dilution) is therefore the number of units contained in 2 cc. of 
the suspension. 


experimental 

It was observed by Francis (3) that Lee (B) virus, when heated at 56°C., lost 
little of its hemagglutinin titer but gave higher iiAibition titers with human 
sera than did unheated virus in equivalent amounts. The effect was especially 
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noticeable in sera with low antibody levels. Although Francis was mainly 
concerned with the e.xplanation of the phenomenon in terms of antibody 
measurement, it seemed very striking that a most marked effect was obtained 
with normal animal sera which contained no specific antibody. This sug- 
gested that the underlying mechanism of the differences in inhibition might lie 
in a change in the properties of the hemagglutinin itself, and to test this pos- 
sibility the following e.vperiments were performed. 

T.-VBLE I 


EJJcct of Ileal on Adsorption and Elution uj Injlucnza Virus Jrom Red Cells 


Stt;im 


Tiler 

0 min. 

S min. 

Heated 

. 10 min. 

at i6*C. 

15 min. 

(or 

30 min. 

60 min. 


1 

Before adsorption 

lOi 

74 

6-1 

69 

64 

69 


2 

Supernatant after adsorption 

13 

6 

6 

6 

5 

5 

Lee(B) 

3 

Units of virus adsorbed 

91 

68 

58 

63 

59 

64 


4 

Eluted virus 

84 

49 

37 

24 

2.5 

<2 

i 

5 

Adsorbed virus eluted, per cent. . 

92 

72 

64 

38 

4 

<3 


1 

Before adsorption 

169 

138 

104 1 

112 

84 

56 



Supernatant after adsorption 

37 

1 52 

42 

i 37 

20 

16 

PR8(A) 


Units of virus adsorbed 

132 

86 

62 

75 

' 64 

40 



Eluted virus 

10-1 

45 

39 

37 

30 

14 



Adsorbed virus eluted, per cent. . 

79 

52 

63 

49 

47 

35 


1 

Before adsorption 

60 

60 

52 

49 

37 

26 


H 

Supernatant after adsorption 

5 

6 

6.5 

4 

4 

4.6 

L230(A) 

□ 

Units of virus adsorbed 

55 

54 

48.5 

45 

33 

21.4 



Eluted virus 

45 

42 

42 

42 

24 

<2 


i 

Adsorbed virus eluted, per cent. ■ 

82 

78 

86 

93 

73 

<9 


Effect of Healing on the Spontaneous Elution of Influenza Virus from 

Red Cells 

Influenza virus of three strains (Lee (B), PR8 (A), and L230) was heated at 56°C. for inter- 
vals up to 1 hour and the samples were tested for hemagglutinin titer (Table I, line 1). In each 
case, the heating caused a progressive decrease in titer. To each sample an equal volume of 
1.5 per cent red cells was added at O^C. and the mixture left for 30 minutes at this temperature. 
The cells were removed by centrifugation and the residual unabsorbed virus of the supernatant 
was tested (Table I, line 2). The centrifuged cells were then suspended in a volume of saline 
equal to that of the original virus sample and incubated for 3 hours at 37°C. The cells were 
again removed and the eluted virus in the supernatant titered. 

The results with the Lee virus were the most striking. Heating this stram 
at 56°C. for 1 hour resulted in a 30 per cent drop in titer. The hemagglutinin 
in the various specimens was almost equally well adsorbed on red cells. 
Ninety-four per cent of the unheated virus eluted (Table I, line 3), while with 
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progressive heating the elution became less and less marked, and with virus 
heated for 1 hour, no detectable elution took place. There were similar changes 
with the other strains, although with the PR8 strain, the eluting ability was 
more heat-resistant. 


TABLE n 

Eject of Beat on Adsorption and Elution of Influenza Virus from Red Cells 


Strain 

1 

Titered 

Heated at 56'C- for 

09 


m 

am 





1 

Preliminary titra- 










tion on concen- 










trated virus 

1024 

1175 

1270 

1S60 

1910 

1910 

2048 


2 

Before adsorption. . 

362 

417 

294 

275 

194 

194 

194 


3 

Supernatant after 








Lee(B) 


adsorption 

56 

24 

21 

12 

11 

7 

11 


4 

Units of virus ad- 










sorbed . . 

306 

393 

273 

263 

183 

187 

183 


5 

Eluted virus . | 

1 447 

447 

1 84 

5 

1 <2 

<2 

<2 


6 

Adsorbed virus 










eluted, per cent. 



31 

1.9 

<1.1 

<1.1 

<1.1 


1 

Preliminary titra- 





1 

1 

1 




tion on concen- 










trated virus 

676 

835 

1024 

1024 

1175 

1450 

1450 


2 

Before adsorption.. 

779 

722 

512 

479 

362 

338 

447 


3 

Supernatant aftei 








PR8(A) 


adsorption . . . 

45 

24 

13 

10 

10 

5 

7 


4 

Units of virus ad 










sorbed 

734 

698 

499 

469 

352 

333 

440 


S 

Eluted virus. 

1175 

79 

49 

28 

39 

23 

23 


6 

Adsorbed virus 










eluted, percent. 

. 100’ 

11 

10 

6 

11 

7 

5 


* Significantly more hemagglutinin was eluted than was adsorbed. 


In Table IT, a similar e.vperiment is recorded in which the virus suspensions 
used were concentrated by centrifugation and in which the titers of the con- 
centrates increased on heating (line 1), possibly due to disaggregation. An 
attempt was made to use the same munber of agglutinating units in each 
sample, based on these figures (Table IT, line 2) but, during the lapse of time 
(20 hours) between the preliminary titrations and the final test, the hemag- 
glutinin levels in the specimens heated longest dropped from their calculated 
level by an amount which would indicate that the specimens had returned to 
their original (preheated) level in that time. Nevertheless, the e.xperiment 
shows dearly the same phenomenon revealed in Table I. Again, the PR8 
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Strain showed greater resistance than the Lee strain in the loss of eluting 
capacity^ but in this e.xperiment, the decrease in elution could not be ascribed 
to a lack of sufficient adsorbed hemagglutinin. 

These data (Tables I and II) and their interpretation form the basis for 
understanding the further e.xperinients in this paper on the agglutinin in- 
hibitor of normal serum. In terms of the author’s enzyme-substrate hy- 
pothesis of the action of influenza virus on red cells (4), virus which has been 
heated at S6°C. still retains enough of its configuration to combine specifically 
with the substrate (adsorption on red cells) but has lost its enzymatic capacity 
to split it (lack of elution). Where influenza virus is active in splitting the 
receptor substance, tlie union between virus and cell is temporaiy and rapidly 
changing while with heated virus, where no receptor destruction takes place, 
the union is much more firm and binding. The consequences of this hypothesis 
are interesting in relation to e.vperiments with serum inhibitor. 

Deslruclioii of Scrum Iiiltibilur by Itijlucuza V'irtts as Measured by Healed 

{56°C.) Virus 

In a previous paper a number of e.Kperiments were described (1) which pointed 
to a strong basic similarity between the virus receptor of red cells and the 
normal inhibitor which occurs in many sera. The similarity included the 
destruction of inhibitor in the presence of active influenza virus. Since un- 
heated virus destroys both serum inhibitor and red cell receptors the demon- 
stration of inhibition in the presence of active virus is most complicated, be- 
cause after mi.\ing virus and serum the virus is probably not firmly bound to the 
inhibitor which it is constantly inactivating, and hence may become available 
for adsorption to red cells during the incubation period of the test. This labile 
combination of inhibitor and virus may lower the inhibition values obtained. 
If virus heated at 56°C. has lost the power of splitting the inhibitor as well as the 
red cell receptor the union between them should be firm, possibly irreversible, 
as shown in the previous e.xperiments with red cells, and one would e.\'pect 
higher inhibitory levels with heated preparations, as Francis observed. The 
use of heated virus should offer more consistent values for the measurement of 
the serum-inhibiting effect. 

The Effect of Incubalion Time on the Inhibition Obtained with Heated (56°C.) 
Virus . — Before beginning tests on the destruction of virus inhibitor in serum, a 

1 The phenomenon of an increase in hemagglutinin titer immediately following heating, 
followed by a return to the former level after a period of hours has been repeatedly observed. 

In Table II it can also be seen that in some instances the titer of the eluted virus was higher 
than that of the adsorbed virus. These shifts in titer have been seen only with virus con- 
centrated by centrifugation, in which case there is undoubtedly aggregation of virus particles. 
This is indicated by the frequent loss of a large part of the total hemagglutinin activity on 
centrifugal concentration. Apparently heating temporarily disperses the particles an 
elution does so more permanently. 
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preliminary experiment was done on the effect on the mhibitory titer of pro- 
longed incubation of heat-mactivated (S6°C,) virus with serum. 

For this experiment the L230(A) strain was used which is notable for its high inhibition 
levels obtained with normal serum. A number of sets of serial dilutions of normal rabbit serum 



Fig. 1. Inhibition of hemagglutination by normal rabbit serum as tested with influenza 
virus, strain L230. The virus had been heated at 56°C. for 30 minutes and was used at a 
level of 12 units, \flrus and serum dilutions were mixed and incubated at room temperatme 
for various periods before the red cells were added. Line A, no incubation. Line B, IS 
minutes incubation. Line C, 30 minutes. Line D, 1 hour. Line E, 2 hours. Line F, 3 
hours. Line G, 20 hours incubation. 

were made. Strain L230 (heat-inactivated 56°C.) was added to serum dilutions in a concen- 
tration such that the final hemagglutinin titer in each tube would be 12 units. The virus was 
added to sets of dilutions at appropriate intervals so that when cells were added to all the sets 
of dilutions the heated virus had incubated with the serum dilutions at room temperature for 
from zero minutes to 20 hours. Seventy-five minutes after adding the cells the tests were 
read. The degree of agglutination in each tube has been plotted in Fig. 1. 

The results were striking and consistent throughout in showing that the 
virus which had been in contact with serum the least time before the addition of 
cells showed the least inhibition and that incubation of serum-virus mixtures 
resulted in progressively increasing inhibition up to the Snal 20 hour period. 
Whether equilibrium had been reached at 20 hours is not known. The in- 
creasing inhibition took place in all dilutions but was most marked at higher 
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dilutions. Virus control samples showed no significant drop in hemagglutinin 
titer when left at room temperature or in the ice box over tlie 20 hour period, 
and hence this factor probably does not enter into the explanation of the in- 
crease of inhibitory titer obtained. The increase in inhibition per unit time 
was most marked in the first 15 minutes and least in the final 17 hours, which 
is typical of adsorption curves in general. 

This result obtained wdth heated virus is directly opposite to that previously 
obtained with incubation of active virus with serum (1), in that incubation with 
heated virus gave increasing inhibition while with unheated virus there was 
decreasing inliibition and this lends further support to tlie contention that with 
heated virus (56°C.) the ability to split tlie inhibitor is lost with retention of the 
capacity of the virus to combine with inliibitor. 

The destruction of inhibitor in serum by active uniieated virus could be 
further clarified if such treated sera could be tested with inactive virus. The 
problem in conducting such a test is to get rid of the unheated virus used for 
treatment so that it will not interfere witli the heated virus of the final test. 
This may be done in two ways: (1) Treating serum with unheated virus and 
then heating the virus-serum mixtures after varying intervals at 56°C. in order 
to partially inactivate the virus and test the treated mixtures for inhibition 
witli the virus heated in the presence of the serum. (2) Treating serum with 
unheated virus and heating after varying intervals at 65°C. in order to com- 
pletely inactivate the virus present, and to conduct the inhibition tests with 
newly added virus which had been inactivated at Sfi^C. Both tests are useful 
and both have some disadvantages. 

Measurement of Inhibitor Destruction in Serum by Titration with Virus In- 
activated in the Presence of Serum . — 

In this experiment a number of series of dilutions of normal rabbit serum were prepared. 
Active unheated Lee virus (18 units final concentration) was added at one time to a number 
of sets of dilutions, which after varj'ing intervals were placed at S6°C. for 30 minutes. Before 
and after heating the mixtures were kept at room temperature; the longest period of incubation 
with unheated virus was 20 hours. Controls were tested in which previously heated virus 
(S6°C.) was added to a set of serum dilutions 20.50 hours before cells were added (Fig. 2, fine 
E) and in which preheated virus was added immediately before the addition of cells (Fig. 2, 
line D). Thus each set of dilutions, except line D, had had the same length of incubation at 
room temperature, the variables being the length of time before and after heating. Finally 
red cells were added to all the tubes and after 75 minutes the per cent of cells agglutinated 
was measured in every tube by a densitometer. 

In such an experiment the question arises as to whether differences in in- 
hibition might not, as in the previous experiment (Fig. 1), be due to differences 
in incubation time of serum with heated virus. Fortunately the Lee strain, 
used in this experiment does not show the large shifts in inhibition (lines D 
and E) with incubation which were found with strain L230. In addition, the 
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variation in incubation time in the experiments represented by lines B, C, and 
D was (19.50, 20.25, and 20.50 hours respectively) and probably not 
significant in terms of equilibrium between heated virus and uiibitor. The 
drop in hemagglutinin titer of virus controls with heating at 56 C. was small 



ISlutlon secum. 


Fig. 2. Agglutination inhibition tests with normal rabbit serum, treated for various times 
with unhcated Lee virus (18 units). The virus was added to the serum dilutions and inacti- 
vation was carried out at 56°C. for 30 minutes. The inhibition of the heat-inactivated virus 
was tested. 

Line A (duplicate determinations), serum dilution treated for 20 hours with unheated virus 
and inactivated at 56°C. Line B, similar treatment in active state for 1 hour. Line C, 
treatment in active state for 15 minutes. Line D, preheated virus (56°C.) added to serum 
just before the test. Line E, preheated virus (56°C.) added to serum 20.5 hours before the 
test 

and uniform throughout the experimeut. Though not indicated in the figure 
the inhibition effect was the same whether preheated virus was added to serum 
or the virus was heated immediately after addition to serum. 

The exposure of normal rabbit serum to unheated virus resulted in a pro- 
gressive and marked drop in the degree of inhibition obtained in a test with 
heat-inactivated virus. The decrease in inhibition was fairly uniform in all 
dilutions tested and whether lines D or E be taken as a base line for the in- 
hibitory activity of untreated serum, the level dropped about 90 per cent in 3 
hours and 95 per cent in 20 hours. While it is felt that this experiment fur- 
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nishes the most satisfactory evidence thus far for tJie inactivation of serum 
inhibitor by untreated virus, the method employed lias the limitation that the 
shift in inhibition level must be measured by the same amount of the same strain 
whicli has been used for destroying the inhibitor. This objection is overcome 
in the second method. 

Measurement of Destruction of Scrum Inhibitor by Active Virus Which Is 
Destroyed by Heating at 65°C. before Testing with Inactivated {56°C.) Virus . — 
The advantages of destroying the active virus after it has acted on serum before 



Dilution of senum 

Fig. 3. Inhibition of agglutination of Lee virus by rabbit sera heated at several tempera- 
tures for 30 minutes. The sera were titered with 4.9 units of heated (56°C.) Lee virus. 

testing with newly added virus are obvious since it multiplies the number of 
ways in which inactivated serum can be tested. This technique was not 
attractive at first because of the peculiar behavior of the inhibitor when serum 
is heated at temperatures above 60°C. McCrea has stated that the inliibitor 
of influenza virus hemagglutination is destroyed by heating for 15 to 20 minutes 
at 62°C. (5). We have not been able to confirm tliis statement and the be- 
havior of inhibitor on heating is complex as will be shown below. 

In a preliminaiy e.\'periment, normal rabbit serum unheated, and heated 
at 56°, 62°, and 6S°C. for 30 minutes was tested in inhibition tests witli 5 units 
of heated (56°C.) Lee virus. The test (Fig. 3) shows no significant difference 
in inliibition curves between untreated serum and senmi heated at 56 C. 
Serum heated at 62°C. showed a drop in inhibitory titer of about fourfold, 
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while serum heated at an. even higher temperature (68°C.) showed a consistent 
and marked increase in inhibition over the level of the 62 C.) serum. At 
higher dilutions the serum heated at the highest temperature showed as 
much and possibly somewhat more inhibition than unheated serum but the 
shape of the curve is peculiar and the inhibition in lower dilutions is markedly 
less than that of normal serum. This is tentatively interpreted as interference 
with the inhibitor by various serum constituents, the interfering agents varying 
in activity with changes on heating, and their effect is diluted out more rapidly 
than the inhibition effect. Further evidence along this line will be offered in 
another paper. 

In spite of the complicated behavior of inhibitor in serum heated at temper- 
atures above 60°C. an attempt was made to use heat for inactivating virus in 
the presence of serum. Preliminary tests in the hemagglutinin titer variation 
with temperature showed a wide difference in susceptibihty of various strains, 
and nothing less than 40 minutes at 65°C. would surely inactivate the hemag- 
glutin of ah preparations. 

In this experiment two virus strains were used, Lee(B) and L230(A). Both were added 
in unheated state to normal rabbit serum. The final dilution of serum was 1 :4 and the final 
titer of hemagglutinin with each strain was 32. These mixtures were allowed to stand at 
room temperature for 20 hours. Samples were removed periodically and heated at 65°C. for 
40 minutes. The same procedure was carried out with serum and heat-inactivated prepara- 
tions (S6°C.). In addition, controls of serum (without virus added) heated at 65°C. and at 
S6°C. were tested. All specimens were titered for inhibition with 3 units of heat-inactivated 
virus (56°C.) of the two strains used. The results are shown in Figures 4, 5, 6, and 7. 

In Fig. 4 the results of treating serum with heated or unheated Lee virus and 
testing with heated (56°C.) Lee virus are shown. Lines D and E show the 
effects of heating serum alone at 65°C., the titer being reduced about twofold over 
the 56°C. control. Curves A, B, and C show that the effect of incubating 
serum with unheated Lee virus was a marked reduction in the inhibitory level, 
sunilar to that seen in Fig. 2. Since these curves are not parallel, but converge 
in the higher serum dilutions, it is not clear how much inhibitor was destroyed. 
At the 60 per cent agglutination level the destruction would appear to be only 
30 per cent in 1 hour while at the 10 per cent level it is close to 90 per cent. 
This convergence of curves cannot be explained satisfactorily at present but 
may be due to multiple factors affecting the inhibition as suggested above. 
When the same sera were tested with a second virus (L230) the convergence 
was not marked. 

When virus (Lee) which had been heated at 56°C. was added to normal rabbit 
serum and inactivated at 65°C. after varying intervals up to 20 hours there was 
no change in inhibitory level and the curve at 20 hours (Fig. 4, line D, tri- 
angles) coincided with that of untreated serum heated at 65°C. (line D, X), 
Urus confirming the fact that partially heat-inactivated virus (56°C.) has lost 
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its capacity to destroy inhibitor. A further control of active virus added^to 
serum and inactivated at 65°C. at once gave values coincident with lineD. 

Fig. 5 shows the results of testing the same serum samples of tlie previous 
experiment (lines A, B, C, and D in Fig. 4) with another virus, strain L230A). 
The inliibition curves with this strain have a characteristic appearance with a 



Fig. 4. Agglutination inhibition tests with normal rabbit serum treated for various periods 
with unheated Lee virus. The virus was destroyed by heating the serum-virus mktures at 
65°C. for 40 minutes and the sera were tested for inhibitory titer against 3 um’ts of heated 
(S6°C.) Lee virus. This amount of Lee virus was sufficient to agglutinate 70 per cent of the 
red cells in the absence of any inhibitor. 

Line A, serum treated with unheated Lee virus for 20 hours. Line B, treated for 3 hours. 
Line C, for 1 hour. Line D (X), for zero hours. Line D (triangles), serum treated with 
heated (56°C.) Lee virus for 20 hours. Line E (open circles, duplicate determinations), con- 
trol serum, no virus added and heating to Sd'C. only. 

plateau in the center and as used with these sera are consistent witli the nia.x- 
imum inhibitor destruction found with the homologous (Lee) strain. The 
curves are much more nearly parallel than with the Lee strain and show 60 
to 75 per cent destruction of inhibitor in 1 hour, over 90 per cent in 3 hours, 
and more than 99 per cent in 20 hours 

In Fig. 6 are shown the results of treating the same normal rabbit serum with 
strain L230 at the same strength in terms of agglutinating units as the Lee 
strain in the experiment above. This is a newly isolated strain which shows 
very high inhibition levels with normal serum in the unheated state, much 




Fig. 5. The sera are the same ones tested in Eg. 4. In this experiment they were tested 
for inhibitory titer with strain L230 heat-inactivated at Sd^C. and used at 3 umts. 



Fig. 6 . Agglutination inhibition tests with normal rabbit serum treated for various periods 
with unheated L23Q(A) influenza virus. The virus was destroyed by heating at 65°C. for 
30 minutes and the sera were tested for inhibitory titer against strain L230 heated (S6°C.). 

Line A, exposure of scrum to unheated virus for 20 hours. Line B, for 3 hours. Line C, 
for 1 hour. Line D (x), (or zero hours. Line D (triangles), exposure to heated (56°C.) 
L230 virus for 20 hours. Line E (open circles, duplicate determinations) control scrum, no 
virus added and heating to 56°C. only. 


25 




326 


VIRUS RECEPTORS OF RED CELLS. 11 


higher tlian Lee or PR8. One might deduce from this diat this strain splits 
the inhibitor at a lower rate than the Lee strain. However, its elution from 
red cells is almost as rapid as that of the Lee strain and the difference in rate of 
destruction shown in Fig. 6 is only slightly less than the rate with Lee, almost 
75 per cent in 1 hour and over 90 per cent in 20 hours. Again, as in Fig. 5, 
the curves have a characteristic plateau; within the limits of e.\perimental error 
they are parallel and serum treatment with heated L230 virus (56°C.) had no 
effect on^tlie inliibitoiy titer. Heating normal untreated serum at 65®C. 



Fxg. 7. The sera are the same as those tested in Fig. 6. In this e.Tperiment tlie sera were 
e.'tposed to unheated virus of strain L230 but were tested for inhibitory titer with heated 
(56°C.) strain Lee, 3 units. 

lowered the inliibitory titer by 75 per cent for tin’s strain as opposed to 50 
per cent for the Lee strain which is a significant difference. The same L230- 
treated sera when tested with the Lee strain gave tlie picture seen in Fig. 7. 
In the region of 10 to 20 per cent agglutination the reduction of inhibitor was 
consistent with the amount of inhibitor destruction seen in Fig. 6, but the 
curves converged very markedly in the zones of lesser inhibition. Again it 
seems likely that this lack of parallelism may be due to interfering serum 
factors, or possibly, multiple inhibiting factors, one of which affects tlie Lee 
strain at high dilution more than it affects agglutination by the L230 strain. 

DISCUSSION 

The removal of the destructive or enzymatic capacity of a virus without 
completely destroying its capacity to combine witli red cell receptors or serum 
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inhibitor provides a unique tool for the quantitation of the inhibitory action 
of serum on virus hemagglutination. By means of mhibition titrations with 
active virus it has been possible to demonstrate more conclusively than before 
that unheated virus has the ability to rapidly destroy the virus inhibitor in 
serum. While it ,may be questioned at this time whether it is the virus or 
something else in virus suspensions which destroys the serum inhibitor the 
bulk of evidence at the moment is in favor of the association of the activity 
with the vims particle. Vims partially purified (by centrifugation or by 
adsorption on an elution from red cells) also possesses the inhibitor-destroying 
capacity, while very low titer supernatant fluids from which the vims has been 
removed by centrifugation do not. A more precise proof that the activity is 
associated with the vims itself may be possible after purification of the,semm 
inhibitor. 

The use of heat-inactivated influenza vims for measuring serum inhibitor 
provides a rather accurate means of titrating this factor and one which is also 
very sensitive. In tests in which the L230 strain was used and-Ieft in contact 
with the semm dilutions for several hours a significant degree of inhibition of 
agglutination has been detected in sera diluted over 100,000 times. Assuming 
that rabbit semm contains a 1 per cent concentration of this substance, the 
limit of detection would be of the order of part 1 in 10 million. 

The use of inhibition curves in this paper might have been avoided by the use 
of simple end pomts (e.g. the dilution of semm at which the agglutination of 
red cells is 50 per cent complete), in which case the results obtained would 
have been qualitatively similar to the ones presented. However, the entire 
curves tell a more complete story and this is especially important where the 
inhibitor is being measured in whole semm and heated serum, because of the 
complicatmg factors which interfere with the inhibition. 

Of the two methods of measuring inhibitor destmction by unheated vims 
the second is more versatile. When testing for inhibitor in whole semm the 
marked degree of loss in inhibitor on heating at 65°C. is disturbing. As will 
be shown in another paper, this objection does not enter into the titration of 
purified inhibitor. 

Burnet and his colleagues (6, 7) have published two preliminary notes in 
which they refer to a method of measuring semm inhibitor with heat-inactivated 
vims but at the time of the present report a detailed description of their method 
was not available to the author. 


suiiinxRy 


^ Evidence has been offered that influenza vims which has been heated at 
C. for 30 or more minutes loses some of its capacity to agglutinate red cells 
and may completely lose its power to elute from cells on which it has been 
adsorbed. Such heat-inactivated vims does not possess the capacity to 
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destroy the virus inhibitor in normal rabbit serum and this appears to be the 
explanation of the higher agglutinin inhibitoiy levels obtained with serum and 
heated virus as compared with serum and untreated virus. 

The heat-inactivated virus can be used to measure the inhibitor substance in 
normal rabbit serum. By two different methods it has been demonstrated that 
the inhibitor is destroyed in the presence of unheated influenza virus, as 
measured by inhibition titrations with virus inactivated at 56°C. The de- 
struction of inliibitor by virus of either type A or B can be measured by virus 
of either type with similar results. 
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The problem of the relation between experimental renal hypertension and essential 
hypertension in man, hinging on the primacy of the kidney, has assumed a critical 
importance in recent years. The alternate positions have been summarized by Smith, 
Goldrmg, and Chasis (1), Goldring and Chasis (2), and more recently by Goldblatt 
(3). Recent work by Selye and his colleagues implicating the adrenal cortex in the 
etiology of the hypertensive syndrome has, in a sense, ofiered an intermediate position 
(4, 5). These workers demonstrated, first in the chick (6), and later, in the rat, dog, 
and monkey (7), that overdosage with desoxycorticosterone acetate (DCA) could 
produce hypertension and renal damage in animals sensitized with saline. Later these 
workers demonstrated that an endogenous overproduction of cortical hormones result- 
ing from stress could also cause this nephrosclerosis and hypertension in the rat (8). 
The role of the adrenal in experimental hypertension in animals has been confirmed 
by many workers, more recently by Anderson, Page, Li, and Ogden (9), and Page, 
Ogden, and Anderson (10), who showed that renal hypertension could be restored in 
hypophysectomized rats by administration of the adrenocorticotropic hormone alone, 
and to a lesser extent by desoxycorticosterone or adrenal cortical extract. 

Clinical support for Selye’s findings has come from several sources. Perera and his 
cowotkers have demonstrated that patients with Addison’s disease being treated with 
DCA may develop elevated blood pressure (11-13), while F. Selye has shown the pres- 
ence of an elevated Na/Cl ratio — supposedly characteristic of DCA overdosage (5) — 
in some patients with hypertension (14). More recently Hoagland (IS) has demon- 
strated strikingly the intimate correlation between cortical hormone production and 
stress in man. 

The idea that the adrenal plays a primary role in the development of hypertension 
has, however, not gone uncriticized (3, 16). Thus Goldblatt (3) has stated, “it is 
doubtful that any of the known endocrines plays a primary part in either essential 
hypertension associated with vascular disease in man, or in experimental renal hyper- 
tension in animals.’’ Furtlier it must be admitted that even though the dosages of 
DCA usually employed are large, saline feeding, preferably coupled with uninephrect- 
omy or other intensifying measures, seems necessary to elicit the full character of the 
lesions (17). 


•This work was supported by a grant from the Life Insurance Medical Research Fund. 
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It seemed to us that insufllcicnt evidence had been presented either for dis- 
counting or afiirming tlic rOle of tlie adrenal cortex in the genesis of hyperten- 
sion. From the literature, it seemed possible that reasons for disagreement 
among authors might rest in part with the mode of administration and die 
quantity of DCA used as well as with the technique of blood pressure deter- 
minations. With this in mind, several prcliininaiy e.xpOriments were carried 
out in which we were able to determine that small doses of DCA administered 
in pellet form were capable of raising blood pressure and causing kidney damage 
in the intact animal. Encapsulation of the pellets occurred within about 14 
days and was followed by the disappearance of the effects. If, instead of a 
single large pellet, small pellets were implanted singly every 10 days into a new 
site, progressive changes were consistently observed. Pellets are recovered 
amazingly intact, indicating slow rates of absorption. In these e.\periments it 
was also noted that sustained increases of blood pressure were paralleled by 
increases in heart weight due largely to ventricular hypertrophy determined 
histologically. It became evident tliat the determination of heart weight was 
an objective means of confirming the presence of chronic hypertension in ex- 
periments involving treatment with DCA. 

With this background, tlie progressive changes in renal function, electrolyte 
pattern, and blood pressure following the administration of DCA to intact 
rats were investigated. 


EXPERDJENTAL 

Four groups of twenty male albino rats were maintained for 42 days. The animals were 28 
days old and appro-Kimately evenly matched in weight at the start. They were housed five 
to a cage and received Purina Fo.\ Chow ad libitum. The first and third groups drank tap 
water, while the second and fourtli received 1 per cent saline. In addition, the third and 
fourtli groups carried subcutaneous implants of DCA tliroughout the experiment. There 
were thus: group 1, intact control; group 2, intact control drinking saline; group 3, animals 
with DCA pellet; and group 4, animals with DCA pellet also drinking saline. 

As already mentioned, lead experiments had demonstrated that for this type of work tlie 
mode of administration of DCA is important. In this experiment, 75 mg. pellets of DCA* 
were broken into three roughly equal parts, and each third was separately implanted on the 
1st, 11th, and 25th days of the e.xperiment. On the 42nd day the animals were sacrificed. 
Tissues were fixed for subsequent histological examination, and tlie kidneys and heart were 
weighed after 6 hours’ fitxation. 

During the course of the experiment blood electrolyte studies (IS) were carried out on 
individual animals once every 2 weeks beginning on the 12 th day. Similarly, clearance studies 
using inulin and sodium />-aminohippurate were performed every 2 weeks beginning on the 
10th day. Blood for both procedures was obtained by heart puncture. Half of each group 
of twenty animals were thus used throughout for electrolyte studies, while the otherhalfwere 
used for renal function tests, so that no animal was subjected to heart puncture oftener than 
once in 14 days. This is an ample recovery period as shown by tire rapid return of normal 
behaviour in the animals, as well as by hematocrit studies. 


> Schering cortate. 
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Briefly the clears-nce technique is as follows: PAH solution (12.5 mg./cc. in 2 per cent 
so<hum sulfate) is injected into the lumbar region in accordance with body weight. The total 
dose in normal animals weighing 110 gm. is 40 mg., for animals weighing 150 gm., 47 mg., 
and for animals weighing 200 gm., 5o mg., with intermediate doses for intermediate weights. 
Where renal function is impaired, smaller doses may suflace to yield the correct plasma level 
of 5 to 7 mg per cent at 50 minutes. 

Immediately following this injection, 3 cc. of warm 2 per cent inulin solution is injected 
intraperitoneally. The completion of this second injection marks the start of the urine col- 
lection period, and the rat is immediately placed into a metabolism funnel. 

Fifty minutes after injection, the rat is picked up over the funnel and the bladder is drained 
by suprapubic pressure, although micturition is usually quite free and spontaneous. Immedi- 
ately following urine collection, 0.75 cc. of blood is obtained by heart puncture in the 51st 
minute, using a 24 or 25 gauge heparinized needle. The animal is returned to its cage un- 
harmed and the blood and urine analysed for inulin and PAH. 

The rationale for this procediue and the rigid criteria necessary for its execution and for 
calculation of valid clearance data have already been discussed in detail elsewhere (19). 
Thirty-two animals are handled per day. 

Blood pressure determimtions were carried out on all animals on the day before the elec- 
trolyte or clearance test, using the method of Byrom and Wilson (20) with ether anesthetic. 
While this method may fail to record a raised pressure in the occasional animal which is ac- 
tually hypertensive, it has been our experience that it never falsely indicates a rise. 

Table I presents the data for the 2nd week of the experiment. 

Blood Pressure . — ^Blood pressure was significantly elevated in both groups 3 and 4; i.e., DCA 
and DCA-saline. Four animals in group 3 and six animals in group 4 had pressures exceeding 
the control average by more than twice the standard deviation of the latter value. 

Renal Function . — Group 2, receiving saline, but no DCA, showed an increase in glomerular 
filtration rate (GFR, Cin) and in filtration fraction (FF). On the other hand, renal function 
appca'red undisturbed in the two DCA groups. When group 4 is compared with its saline-fed 
control, however, the administration of DCA b seen to have negated the expected rise in 
GFR and FF. This difference b statistically significant. 

Plasma Electrolytes. — ^The only significant electrolyte change at thb period is the fall in 
plasma K observed in groups 3 and 4; i. e., DCA and DCA-saline. Other trends, however, 
are interesting in the light of later observations. Thus the slight elevation in both Na and 
Cl seen in group 2 was maintained throughout the later experimental period. The small rise 
in Na occurring in both groups receiving DCA compared to their controb was increased later. 
At this time an increase in the Na/Cl ratio had occurred only in the DCA-saline group com- 
pared with lb control, but thb change became increasingly significant. The total ionic con- 
centration indicated by Na plus K remains normal, the fall in K bemg insufiicient to alter thb 
total. 

Table I presents the data obtained in the 4th week of the e.xperiment. 

Blood Pressure.— mood pressure was significantly elevated in the two DCA groups and 
had progressed beyond that previously observed. Six animals in group 3 and eight nnimnlg 
in group 4 had pressures exceeding the control average by more than twice the standard devb- 
tion ol the latter value. 

Rena! Function.— Renal function was definitely altered at thb time. The aberrations ob- 
ser%’ed at 2 weeks m the saline-fcri group disappeared although the slight hyperemia indicated 
in he first test (CpAn/TmpAU, renal plasma flow per unit of excretory tissue), still appears to 
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be present. Contrasting the DCA groups with tlieir respective controls, it is readily seen 
that GFR was maintained but the total renal plasma flow, (RPF, Cp.An), was reduced. Sim- 
ilarly, the mass of functioning tubular c.\crctory tissue, (TmpAIl), was reduced in these groups. 
Reflecting these changes was a rise in FF which probably indicates constriction of the efferent 
arteriole since there was also a relative ischemia of kidney tubules as sliown by the decline in 
CpAH/TmpAH, particularly in group 4. 

Plasmii Electrolytes. — Clear cut changes in electrolyte pattern were also well established at 
this time. The elevation in both Na and Cl in the saline-fed group 2 was maintained. Plasma 
Na was significantly increased in both groups receiving DCA, a change previously indicated, 
and the Na/Cl ratio was likewise significantly elevated in these groups. The increase in this 
ratio was aggravated in the DC.V-saline group by the definite fall in plasma Cl, despite the 
fact that this group received e.vtra Cl from the NaCl. Tlic fall in plasma K in both DCA 
groups was still pronounced but liad not progressed beyond the level previously observed. 
The total ionic concentration indicated by Na plus K remained normal, the fall in K being 
balanced by the rise in Na. Plasma calcium was normal in all groups. 

Table I presents the data obtained in the 6th week of the e.xperiment. 

Blood Pressure. — Blood pressure was significantly elevated in the DCA-saline group and 
higher than previously observed. On the other hand, while the pressure in the DC.\ group 
was still elevated, it had not progressed and indeed, it is questionable whether any significant 
elevation actually e.dsted at this time. (The advance of the average blood pressure value in 
the control animals during the 6 week period is our usual finding for growing animals.) Four 
animals in group 3 and ten animals in group 4 had pressures e-vceeding the control average 
by more than twice the standard deviation of the latter value. 

Renal Funelion. — ^The changes in renal function at this time are interesting. The tempo- 
rary aberrations in the saline-fed group 2 have disappeared and the FF is now ratlier reduced. 

In the DCA-treated animats of group 3 some adaptation must have been effected, for renal 
function was now well within normal limits, except that Tm still appeared reduced. These 
findings are in obvious contrast to the observations of the previous period, and suggest tliat 
the kidney changes may be to some e.xtent reversible. 

In the DCA-saline group the changes observed at the end of the 4th week had intensified. 
The GFR was no longer maintained, indicating a considerable degree of interference with the 
filtering mechanism. Renal plasma flow' was cut to only a little more than half tlie normal 
value, and the functioning excretory tubular mass was considerably reduced. These changes 
are even more striking in view of the considerable renal enlargement which occurred dunng 
the experiment. The FF was unchanged on the average but tlie broad spread of data indi- 
cates that as glomerular damage progressed the raised FF previously observed changed to a 
reduced FF with individual animals in various phases of the process. Renal ischemia was 
definitely present. 

Plasma Eleetrolytes. — The electrolyte pattern differed from that previously observed only 
in degree. Thus in the saline-fed group 2 there was still the slight e.xpected increase in both 
Na and Cl. In the two DCA groups the elevation of plasma Na was now more marked, while 
the depression of plasma Cl seen only in group 4, DCA-saline, at 4 w'ceks was now seen in bot i 
groups. The decline in plasma K was still present but in no greater degree. TJie elevation 
in the Na/Cl ratio was now more marked while the sum of Na plus K was also increased, t e 
decreased K no longer being able to compensate for the increased Na. Plasma calcium re- 
mained undisturbed. 

Organ Weights. — The hypertension observed during the course of the experiment was su 
stantiated by the significant increase in heart weight which occurred in both DCA groups. 
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The increase in heart weight in the DCA group was less than that observed in the DCA-saline 
group paralleling the relative blood pressure increases noted. The kidney weights are inter- 
esting, for the significant renal enlargement observed in both DCA-treated groups indicates 
how poorly renal efificiency was actually maintained. It is similarly clear from the hematocrit 
values that the animals had adjusted to the previous withdrawals of blood. 

Heart rate was determined under light nembutal anesthesia, a procedure which gives rates 
somewhat above the basal level (21). The absence of any significant change in heart rate 
makes it unlikely that the increased blood pressure was due to increased cardiac output. 

Histological examination of the kidneys showed the presence of diffusely distributed early 
glomerular sclerosis in both DCA groups. No tubular damage or vascular lesions were seen 
and the glomerular lesions were actually minimal. 

DISCUSSION 

As a result of DCA treatment, renal structure and function were affected, 
the electrolyte pattern was upset, and the blood pressure rose. Each of these 
factors may be examined separately. 

The Effect on the Kidney . — It is apparent that DCA alone in small doses is 
capable of interfering with renal function, while the addition of saline intensifies 
the process. 

The first change is a decrease m renal plasma flow with the maintenance of 
normal filtration, findings suggesting efferent vascular constriction. At this 
time the flow of blood to each unit of functioning excretory tissue is normal so 
that no true ischemia is present. Later the mass of functioning tubular ex- 
cretory tissue decreases while renal plasma flow decreases even more, so that 
renal ischemia occurs. In this later stage gross interference with filtration is 
present. 

The pattern of renal functional change seems remarkably similar to that ob- 
served in essential hypertension in man. When the DCA administration was 
accompanied by saline feeding the process was progressive, while in those ani- 
mals receiving DCA alone the vascular spasm and renal ischemia disappeared, 
suggesting the reversibility of the process, a findmg reminiscent again of essen- 
tial hypertension in man (22). Interestingly, the elevation of blood pressure 
m these latter animals became less apparent concurrently with the improvement 
in renal function. 

Superficially the blood pressure elevation occiurred well before the onset of 
renal interference, but it is obviously not possible to come to any definite con- 
clusion as to the primacy of either the blood pressure increase or the renal 
damage from these data. Certainly, however, the rise in blood pressure may 
occur without evidence of renal ischemia. 

The Effect on Electrolytes . — ^A progressive increase in plasma sodium occurs, 
together with a decrease in plasma chloride and potassium. These changes are 
m accord witli reported observations following DCA administration both in 
animals and man. Selye, Hall, and Rowley (5) noted the elevation in Na/Cl 
ratio and the fall in potassium in rats receiving DC.A with saline, but failed to 
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observe an actual rise in sodium with their methods. Similar findings were 
reported by F. Selye in some liypertcnsive patients (14). Knowlton, Loeb, 
Stoerk, and Seegal (17) found the same changes as here reported in rats, but 
did not mention the total increase in cations denoted by Na plus K, although 
it is indicated in their data. Similar results have been published by Ferrebee 
el al. (23). Thus, DCA alone in small doses is capable of interfering with the 
electrolyte balance, while the addition of saline intensifies the process. It 
seems to us of importance to establish whether or not the increase in the total 
of sodium and potassium represents an osmotic plasma to tissue differential 
which could be etiologically significant. The data seem to indicate tliat DCA 
causes sodium retention, that potassium is lost in a failing effort to maintain a 
normal total concentration of cations, and that chloride is lost passively, coupled 
with potassium. Further work is necessary on these points. 

The Rise in Blood Pressure . — ^Therc does not seem to be any reasonable doubt 
that the blood pressure rose early in the experiment. It might be argued from 
a perusal of the absolute data tliat these elevations cannot be considered true 
hypertension. We would agree tliat an average blood pressure rise of 10 or 
15 mm. Hg does not seem very much when compared with die magnitude of 
the figures usually associated with clinical and e.\'perimental renal hypertension. 
The actual figures here presented are, however, not absolute. The instrument, 
in our hands, records a pressure which probably is somewhat beloiv the systolic 
level and the actual values obtained lie in a restricted range. Furdier, as 
pointed out earlier, in dealing widi a process in whicli different animals are 
necessarily in different stages of the pathological disturbance, die average pres- 
sure rise is at most an arithmetic mean between hypertensive and normotensive 
animals. It is for this reason that in die description of results, die number of 
animals with blood pressure exceeding the average control level by more than 
twice its standard deviation is presented. Proof of die vah’dity of the estimates 
rests on the demonstration of cardiac hypertrophy in the hypertensive animals. 

Several workers have doubted that any of die known endocrine organs play a 
primary part in either essential hypertension in man or in experimental hyper- 
tension (3, 16). In the light of our present findings diis diesis may be un- 
tenable. It has been demonstrated that a syndrome presenting certain marked 
similarities to essential hypertension can be produced in die intact rat by DCA. 
Further, it is clear that small amounts are sufficient to elicit the aberrations 
reported without resort to any intensifying measures, sucli as adding saline or 
reducing renal reserve by unineplirectomy. When these facts are added to die 
demonstrated responsiveness of the human adrenal cortex to stress, to recent 
reports on the blood pressure elevation observed in patients receiving DCA 
implants for Addison’s disease, and when die renal functional alterations here 
reported are compared with those observed in man, it would appear that the 
rdle of the adrenal cortex cannot be lightly dismissed. 
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This is not to suggest that hypertension is an endocrine disease, but rather 
to indicate that there may be patients with hypertension of hormonal etiology 
to be distinguished from those in whom the disease is truly “essential.” 


SUMMARY 

Small doses of DCA administered at intervals in pellet form are capable of 
raising the blood pressure, altering renal function, and changing the electrolyte 
pattern in the intact rat. The concomitant feeding of 1 per cent saline inten- 
sifies the process. 

The elevation in blood pressure occurs prior to demonstrable changes in renal 
excretory function. 

The alteration in renal function consists first of a reduction in Cpah with the 
maintenance of a normal filtration rate. Filtration fraction is elevated while 
there is no reduction in renal plasma flow per unit of tubular excretory tissue. 
Later, filtration is interfered with and renal ischemia occurs. 

The electrolyte change is characterized by a sustained fall in plasma K and 
Cl, a rise in plasma Na, an increase in the Na/Cl ratio, and finally an elevation 
of Na plus K. Plasma Ca is unafiected. 

These observations suggest the possible etiological significance of the adrenal 
cortex in some types of hypertension. 

The authors wish to thank Dr. E. Schwenk, and Mr. L. Casey of the Schering Corporation, 
Ltd., for the Cortate pellets and Dr. W. Boger of Sharp & Dohme, Inc., Glenolden, Pennsyl- 
vania, for the sodium p aminohippurate used in this work. 
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Although animals which recover from disease induced by one strain of Rickett- 
siatsulsugamushi are resistant to infection with heterologous strains (1—10), all 
organisms now grouped in this subgenus are not antigenically homogeneous. 
Evidence for heterogeneity is obtained in serological studies which employ 
complement fixation (11, 12), serum protection (13), and toxin-antitoxin tech- 
niques (14). Non-infectious vaccines of several types are capable of immuniz- 
ing mice against the homologous strain of R. Isutsiigamushi (15-17) but the 
degree of protection elicited by such materials against heterologous strains is 
unknown. The present report supplies information on this point and provides 
additional evidence of antigenic differences among the members of the scrub 
typhus group of agents. 


Materials and Methods 

Strains of R. tsutsugamuslii . — ^The eight strains of R. tsiUsugainushi employed in the current 
investigation were selected to represent the agent as obtained from various geographical areas 
and from different zoological sources; i.e., men, mites, and rats. The origin and lineal descent 
of these strains are given in some detail in the following paragraphs since it appears desirable 
to establish these points clearly. Certain of the immunological and serological data which 
indicate the known relationships of the eight to each other, or to additional strains of R. 
ttnlsugamnshi, are summarized in Table I; this information has been presented in detail else- 
where (18). The to.Tin-antitoxin reaction is not mentioned in Table I because only the 
Gilliam strain has yielded a toxin and none of the antisera against the reference strains con- 
tains appreciable amounts of specific antitoxin (14). 

The Imphal 8 strain was recovered late in 1943 from a pool of blood clots obtained from 
five patients with tsutsugamushi disease who were hospitalized in the Imphal Valley on the 
Indian-Burmese border. The characteristics of this strain shortly after isolation have been 
reported (19). In the present work, seed inoculum for the preparation of vaccine and materia! 
for challenging vaccinated mice were obtained from yolk sacs of the 47th to 53rd passages. 
Since the original isolation from human beings, this strain had been through one guinea pig, 
eight rabbits, one mouse, and the designated number of egg passages. 

The Karp strain was originally obtained by Dr. E. Derrick of Brisbane, .Australia, from 

Sub.Tiittcd by Fred Lewis Rights in partial fulfillment of the requirements for the degree 
0 Doctor of Philosophy, Faculty of Pure Science, Columbia University, May 16, 1947. 

339 



340 


SCRUB TYPHUS, ni 


blood taken in January, 19-13, from a soldier who contracted the disease in the Buna-Guna 
area of New Guinea. The Karp agent waa used previously in this laboratory for the prepara- 

• Tr\BLE I 


Antigenic Relationships of Strains of R. tsutsugamushi 





Serological testa with antisera prepared against reference strains 

Reference sUnins 

Immune animals resist 
challenge with (strain) 

Scrum neutralization 

Complement fiaatioa 




Challenge strain 

Re- 

sult* 

Antigen 

Re- 

sult* 

Impbnl S 

Calcutta 

(lot) 




Calcutta 

(19) 

-H" 


Gilliam 

(8) 








Seerangayce 

(8) 








Buie (case 9) 

(3) 




Gilliam 

(11) 

-f- 

Karp 

Ceylon 

(9) 




Seerangayce 

(H) 

+- 


Calcutta 

(9) 




Buie (case 9) 

(11) 



Imphal 8 

(9) 








or 13 








Kostival 1 

Mite 21 

(6) 

Mite 21 

(13) 

-i — 




Mite 22 

(6) 

Seerangayee 

(13) 1 





Mite 21 

Kostival 

(6) 

Kostival 

(13) 

1 

+- 

1 



Seerangayee 

(13) 

t +- 

1 




I 135 Wild rat 

(7) 







Wild rat 235 

370 Mite 

(7) 








Shope 

(7) 







Pescadores 

Niigata 

(3) 








6 Malayan 
strains 

2 Sumatran 

(2) 







Seerangayce 

strains 

(2) 

Kostival 

(13) 

+- 

Gilliam 

(11) 


Karp 

(S) 

Mite 21 

(13) 

4 — 

Karp 

(11) 

H — 


Gilliam 

(8) 








Buie (case 9) 

(3) 








Volner 

(10) 







Volner 

Seerangayee 

(10) 






_ 


• -) — indicates a slightly positive or questionable result. 

+ indicates a positive reaction and a partial or close relationship. _ , 

+- )- indicates a positive reaction equivalent to that obtained with the homologous material; by thismetno 
the agents are indistinguishable. 

} Numbers indicate reierences cited in Bibliography. 

tion of vaccine by two different methods (16, 17). Suspensions of tissue of the 27th to 4Ist 
yolk sac passages were used in the current studies. 

The Kostival strain was recovered in November, 1943, from a patient in the Dobadiira 
area of New Guinea by Blake and his coworkers (6). It also has been employed in earlier 
studies of scrub typhus vaccine in this laboratory (17). The 101st to 128th yolk sac passages 
of the Kostival strain provided material for the present work. 

The mite 21 strain (also referred to as host 21) (13, 14) was isolated in mice during Novem 
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. ber, 1943, by Blake and his assodates from a poo! of mites {T. fielcheri) which were obtained 
from a bandicoot caught in the Dobadura area. New Guinea. Blood from a mouse of the 
sixth passage was injected into embryonated eggs (6) and yolk sac material from the 6th to 
24th subcultures of this line was employed in the current work. 

The wild rat 235 strain (also referred to as wild rat 2 (14)), was obtained during April, 
1944, by Kohls and his coworkers (7) from the pooled brains of four wild rats (Raltus concolor 
"brovini^ which were trapped in the Dohadura area of New Guinea. A pool of liver and spleen 
tissue from mice of the fourth passage served as challenge material throughout thepresent ex- 
periments. 

The Pescadores strmn was originally isolated in 1935 (3) from a native of the Pescadores 
Islands, and has been extensively employed in Japan (3, 20) . This agent, which was temporar- 
Dy lost by the Japanese, was recovered by them in December, 1945, from an axillary lymph 
node of a paretic who had been infected for therapeutic purposes with the strain 5 months 
previously (21). This reisolation was accomplished in a Mongolian hamster {Meriona 
mquicuUius M. Edward) and the agent subsequently was passed to mice wherein it showed 
all the usual characteristics of a strain of R. Isuisugamushi.^ Portions of a suspension of pooled 
liver and spleen tissues from mice of the sixth passage made in this laboratory were used as 
challenge material throughout the present work. 

The Seerangayee strain was recovered from a patient with scrub typhus in Malaya in 1934 
(22). This agent was taken to Australia by Dr. U. Lewthwaite several weeks before the fall 
of Singapore in 1942. It had been carefully compared with other Malayan and Sumatran 
strains before World War 11 and therefore assumes considerable importance in relating pre- 
and postwar phases of scrub typhus investigation. The characteristics of recent passages of 
this strain in various hosts have been redescribed in some detail (8). The agent was brought 
to this country as infected yolk sac tissue in February, 1944, and was received at the Army 
Medical Department Research and Graduate School, from the National Institute of Health as 
infected guinea pig tissue. Subsequent passages were made in mice, and frozen suspensions 
of pooled liver and spleen tissue from mice of the second and third passages at the School pro- 
vided challenge material for the present studies. 

The Volner strain (also referred to as J.H.V. (23)) was recovered in 1945 in mice inoculated 
with blood from a patient on the island of Samar in the Philippines (23). Suspensions of 
pooled liver and spleen tissue from mice of the sixth and seventh passages were employed as 
challenge material in the current experiments. 

Laboratory Animals. — S\viss mice of the Bagg Farm stock weighing 18 to 21 gm. were em- 
ployed for all titrations and vaccination experiments. White rats which weighed 125 to 225 
gm. were used to furnish infected tissues for the preparation of vaccines. Six or seven day 
old embryonated eggs were employed for the maintenance of strains and the preparation of 
highly infectious seed inocula for the rats. These eggs were inoculated into the yolk sac and 
were subsequently maintained at a temperature of 35°C. until harvested; t.e., when the em- 
bryos were moribund 7 to 9 days later. 

^ Preparation of Vaccines. — Vaccines were prepared from infected white rat tissues as pre- 
viously described (16, 19); a r£sum6 of this method follows. Freshly prepared suspensions of 
yolk sac tissue rich in rickettsiae were cleared of coarse particles and large fat droplets by 
light centrifugation; 2.0 cc. amounts were then injected intravenously into white rats. When 
tiie roa;oti ty ot lire 20 animals inoculated with a given seed material were moribund, i.e. some- 

• has been recovered from the brains of white rats from 14 to 98 days after 

inilia infection (7) and Major B. L. Bennett, Sanitary Corps, of this laboratory has reiso- 

cd scrub typhus organisms from tlie spleens of mice which had been infccUd 10 months 
previously. 
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time (luring tin; 4th to 6th days, tlic lungs and spleens of recently dead and of sick rats were 
removed with sterile precautions, pooled, weighed, and then ground in a mortar with a small 
quantity of alunduni. A 10 per cent suspension of the infected tissue was prepared from this 
triturated material using a solution consisting of 9S parts of 0.9 per cent NaCl solution and two 
parts of Mcllvanc’s bulTer (pH 7.4). The resultant suspension was cleared of coarse particles 
by sedimentation at 1,.S00 r.imi. for 5 minutes in a hoiizontal centrifuge and the supernatant 
fluid was withdrawn and saved. Immediately after samples had been removed for infectivity 
tests, sufficient U.s.i>. formaldehyde solution and merthiolate were added to the suspension to 
bring their final concentrations to 0.1 and 0.01 per cent, respectively. Such tissue suspensions, 
after storage for several weeks at 5°C. to permit inactivation of rickettsiac, constituted the 
vaccines; none were infectious when employed in immunity studies. Frequently several 
batches of vaccine, which were prepared from a single strain of scrub typhus rickettsiae, were 
pooled. 

Vaccines from four strains of R. tsutsugamushi were prepared by this method. A number 
of these failed to meet the criteria previously established (16) for a potent antigen and were 
not employed in the current work. 

Dclermination of Infective Titers . — Serial tenfold dilutions of the suspensions of infected 
tissues were prepared in skimmed milk medium (Difeo, pFI 7.2) and each mouse in a group of 
five to ten animals was inoculated intraperitoneally with 0.2 cc. of one of the test dilutions. 
The animals were observed for 21 days and deatJis recorded. All mice which succiunbed 
earlier or later than the e-vpected time of death were autopsied; if they had no pathological 
evidence of rncperimental scrub typhus infection they were dropped from the group. In addi- 
tion, the cause of death was determined at autopsy in representative animals which succumbed 
following typical disease in the groups which received dilutions of rickettsiae in and near the 
end point range. From the accumulated deaths and survivals of the test animals the SO per 
cent lethal end points were calculated by the method of Reed and hluench (24). 

Immunogenic Assay of Vaccines . — The capacity of a given vaccine to induce resistance to 
the homologous and heterologous strains of R. Istiisugamushi was determined in the followmg 
manner. Batches of 150 to 500 mice were segregated according to sex in groups of eight or 
ten per jar and each mouse was given an intraperitoneal injection of 0.5 cc. of vaccine on tliree 
occasions at intervals of 5 days. Two rveeks after the final injection of vaccine, groups of 
eight or ten mice were challenged by tlie intraperitoneal injection of 0.2 cc. amounts of an ap- 
propriate dilution of a previously standardized suspension of infectious material which had 
been stored at — 70°C. Following challenge inoculation immunized animals, as well as control 
mice of approximately the same weight which received similar infectious material, were ob- 
served for 3 -weeks and deaths were recorded. The infectious titers of tlie rickettsial material 
in control and test mice vvere calculated as described above. The degree of immunity induced 
by a given vaccine against a strain of R. tsulsngamirsiti was expressed as an immunity index. 
This represented the algebraic difference between tlie logarithms of the infectious titers d^ 
termined in control and vaccinated mice which had received comparable challenge matena . 

EXPERIMENTAL 

Scrub typhus vaccines prepared from the four selected strains of R. Isutsu- 
gamnshi, which appeared suitable for the purpose, were tested for their capacity 
to immunize mice against infections with a number of strains of the agent. 
The latter were chosen as representative of the species as recovered from differ- 
ent hosts in various geographic areas. The results of these e.vperiments pro- 
vide data which bear directly on studies dealing with the immunization of man 
against this disease. 
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Resistance oj Mice Immunized with Scrub Typhus Vaccines to Infection with 
Eight Strains of R. tsutsugamushi.— Groups of mice were immunized with vac- 
cme prepared from tissues of rats infected with the Imphal strain and were sub- 
sequently challenged intraperitoneally with suspensions of infectious material 
containing 1 to 100,000 or 1,000,000 lethal doses (LD) of R. tsutsugamushi of 
the Imphal strain or of one of seven other strains of scrub typhus. At this 
time normal mice of the same weight as the vaccinated animals were injected 
with portions of each challenge suspension. Results illustrative of those ob- 
tained in a typical experiment are summarized in Table II. The data are pre- 

TABLE II 


Resistance of Mice Immunized with Imphal Vaccine to Challenge Infection with Strains 

of R. tsutsugamushi 


Rickettsial 

stram 

Vaccinated 

mice* 

Challenge inoculation 

Infec- 

tive 

titer 

SO per 
cent 
(lethal) 

Immu- 

nity 

indext 

Bilution 

i(r> 

ir« 

10-* 

B 

B 

B 

B 

B 

IQI 

m 


Controls 


HI 

10/10 

9/10 


m 


H 



10-fl-» 



Vaccinated 

7/8 

8/10 

8/10 

4/10 


0/10 


0/9 



10-i.T 

3.1 

Imphal 8 

Controls 


10/10 

10/10 

10/10 

9/10 

3/9 

7/9 

2/10 

0/10 




Vaccinated 


7/8 

5/10 

5/10 

1/9 

2/8 

1/10 

0/8 




3.2 

Karp 

Controls 










0/10 

10-8.1 


Vaccinated 



10/10 



BBH 






1.2 

Seerangayee 

Controls 




10/10 

9/9 



1/9 



lO-fl.* 


Vaccinated 





ill 



m 



10-C.B 

0,2 


•MicewcreLmmunizcd with vaccine 1-2-5 prepared from while rats infected with Imphal 8 strain; a s umm ary 
of this data is included in Table HI. 

t Immunity index represents the difference between exponential values of the infective titers in the contro 
and test groups. 

5 Numerator indicates the number of mice in each group that died of the challenge inoculum and the de- 
nominator indicates the number of mice in the group. 


sented in detail in order to indicate the type of mortality distribution usually 
found in mice which possess diSerent degrees of resistance to infection with 
scrub typhus. Elsewhere in this report tabular data are given in a more con- 
densed form and include only values for the 50 per cent lethal titers in normal 
and vaccinated mice and the immunity index; however, each index is based on 
titrations similar to those illustrated in Table II. 

A summary of e.xperiments done with Imphal vaccines is found in Table III. 
It is evident that the present Imphal vaccines were comparable in potency to 
those prepared previously (16); they protected mice against 1,000 LD of the 
homologous strain. Such vaccinated mice displayed a variable degree of re- 
sistance when challenged with heterologous strains of R. tsutsugamushi; how- 
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ever, in no instance was the immunity index as great as when the Imphal strain 
was used. It does not appear feasible with the data available to attempt to 
arrange sharp levels of immunity when considering resistance to heterologous 
strains. Instead it seems preferable to consider the results as indicating a 
broad spectrum with various levels of cross-protection, each of which shades 
into the other. Thus, Imphal vaccine induced appreciable resistance to the 
Karp and Kostival strains, slight to wild rat 235, but none to Secrangayee, Pes- 
cadores, or mite 21. While the results in general were consistent, divergent 
data were obtained in the two experiments in which the Volner strain was used 

TABLE m 

Rcsislatice of Mice Immunised wilh Imphal Vaccines 


Mice injected with 


Challenge rickettsial strain 

— 

Vacc. 1- 

y 


Vacc. 

1 

Vacc. 1-2 

-5 

Titer in 

Immu- 

nity 

index* 

Titer in 

Inmru- 

nity 

index 

Titer in 

Immu- 

nity 

index 



Control 

Vacc. 



Imphal 8 

6.U 

2.5 

3.6 

6.9 

3.4 

3.5 

6.8 

3.7 

3.1 

Imphal 8 




5.8 

2.7 

3.1 

7.0 

3.8 

3.2 

Karp 


1 


8.2 

6.0 

2.2 

8.1 

6.9 

1.2 

Kostival 

6.7 

4.4 

2.3 

7.1 

5.4 

1.7 



1 

Wild rat 235 







4.3 

3.2 

1.1 

Volner 




6.0 

3.9 

2.1 

5.9 

5.4 

0.5 

Seerangayee 





6.5 

0.3 

6.8 

6.6 

0.2 

Pescadores 







7.2 

7.2 

0.0 

Mite 21 





6.7 

-0.1 





* See footnote to Table II. 

t The e-^ponential values of tlie 50 per cent lethal end point titers are expressed as positive 
numbers. 


for challenge (Table III). It is not unlikely that in tlie zone of partial im- 
munity secondary factors sucli as the general health of the test mice prior to 
cliallenge have considerable effect on tlie final result and may account for sucli 
discrepancies. - 

Mice immunized witli vaccines prepared against the Karp strain were more 
resistant to infection witli die homologous organism tlian to infection witli the 
heterologous strains (Table IV). It is evident from tlie tabular data that the 

3 Vaccinated animals are not solidly immune to challenge even witli the homologous agent. 
They frequently show signs of active infection which persist for a number of days, and during 
periods of illness the margin of vitality between death and recovery is narrow. The use o 
occasional groups of mice with inapparent enzootic infections in certain of our experinients 
may have weighted the balance toward dcatli of the mice and tliis resulted in lower indices 
for the test assay. 
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two vaccines which had indices above 3.0 with the homologous strain afforded 
some protection against infection with Volner, Kostival, and Imphal strains, 
little if any against the Seerangayee, and none against mite 21 strain. It is 
of interest to compare these results with those obtained with vaccine lot 8-9-10- 
11, which had indices of 2.0 and 0.9 in duplicate tests with the homologous 
strain (Table IV). This relatively poor vaccine® induced no resistance to any 
of the heterologous strains. 

The results of ejrperiments with Kostival vaccines are summarized in Table 
V. It is evident that the vaccine protected as well against wild rat 235 as 
against the homologous strain. Furthermore, it induced considerable resist- 

TABLE IV 

Resistance of Mice Immunized, with Karp Vaccines 


Mice injected vnth 


Challenge ricketulal strain 

Vacc. i 

Vacc. 6-7 

Vacc. 8 - 9 - 10-11 

Titer in | 

Immu- 

nity 

index* 

Titer in | 

Immu- 

nity 

index 

1 

Titer in | 

Immu- 

nity 

index 

Control 

Vacc. 

Control 

Vacc. 

Control 

Vacc. 

Karp 

8.6* 

4.6 

4.0 

7.9 

4.7 


7.9 

5.9 

2.0 

KatP 




8.0 

4.6 


7.9 


0.9 

Volner 




6.6 

4.2 


6.7 

6.6 

0.1 

Kostival 

7.9 

6.2 

1.7 

7.2 

5.2 

2.0 

7.3 

7.1 

0.2 

Imphal 8 




5.8 

4.1 

1.7 




Seerangayee 




7.4 

6.4 

1.0 

6.9 

6.6 

0.3 

Mite 21 




6.7 

6.5 

0.2 




Pescadores 







7.0 

7.1 

-0.1 

Wild rat 235 







3.2 

3.7 

-0.5 


* See footnotes to Tables II and ITT . 


ance to infection with Imphal, Karp, and Volner organisms but none against 
Seerangayee, mite 21, or Pescadores. Here again some variation occurred in 
the indices obtained with given heterologous strains in experiments with differ- 
ent batches of vaccine, nevertheless, the trends of the results were consistent. 

Pertinent data on the experiments in which mite 21 vaccines were employed 
are summarized in Table VI. It is immediately obvious that none of the 
mite 21 preparations was able to induce appreciable resistance to infection with 

’This pooled material had been stored in the fluid state at S°C. for about 6 months when the 
assay was begun; each of its constituent vaccines had been prepared from tissues having a 
sufficiently high infective titer to suggest that the immunogenic potency would be 
satisfactory (16). Because of tlie low potency of the pool we assumed that deterioraUon had 
occurred during storage. The results of controlled tests (18) indicated the validity of this 
a^umption and showed tliat stability on storage could be attained with greater regularity 
when scrub typhus vaccines were lyophilized. 
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the mite 21 strain. Nevertlielcss, these materials were tested with heterolo- 
gous strains for two reasons; (1) each lot had been prepared from highly infec- 
tious material, titer 10“^-^ to 10“*’--, and hence contained amounts of rickettsial 
substances which we tliought sliould have been sufficient to immunize, and, (2) 
none of the vaccines prepared from Imphal-, Kostival-, or Karp-infected tissues 
induced even slight resistance to infection with the mite 21 strain. The results 
were nonetheless une.\pected in that the mite 21 vaccines induced as great or 
greater resistance to infection with wild rat 235, Kostival, Imphal, and Karp 
strains than to the homologous organism. Indeed, respective indices of 3.5 

TABLE V 

Resislaitce of Mice Immunized -Jiith Kostival Vaccines 


Mice injected with 


Challenge 
rickettsial strain 

Vacc. 2 

Vacc. S-6 

Vacc. 7-S 

Vacc. 9-11 

Titer in 

Immu- 
_ nity 
index* 

Titer in 

Immu- 

nity 

index 

Titer in 

Immu- 

nity 

index 

Titer in 

Im- 

mu- 

nity 

index 

Con- 

trol 

Vacc. 

Con- 

trol 

Vacc. 

Con- 

trol 

Vacc. 

Con- 

trol 

Vacc. 

Kostival.. 

7.2* 

3.9 

3.3 

6.7 

3.0 

3.7 

7.2 

3.4 

3,8 

7.7 

5.6 

2.1 

Kostival 

1 



6.5 


2.5 


1 





Wild rat 235. . . 







5.2 

1.6 

3.6 




Imphal 




6.1 

3.3 

2.8 

1 



6.9 

5.2 

1.7 

Karp 

8.4 

5.8 

2.6 

7.7 

6.7 








Volner 




6.0 

4.1 

' 1.9 

6.4 

5.7 

0.7 




Seerangayee. . . 




6.7 

6.3 

IB 







Mite 21 




6.7 

7.0 


6.9 

6.9 

BU 




Pescadores. . . . 







7.5 

7.7 






* See footnotes to Tables II and III. 


and 3.2 were obtained with tlie wild rat 235 and Kostival strains in mice im- 
munized witli vaccine 4-5 while values of 0.9 and 1.1 resulted in tlie duplicate 
test in which the mite 21 strain was used for challenge. In the single experi- 
ments in which the Pescadores, Volner, and Seerangayee strains were used for 
cliallenge no resistance was noted. 

Summary of Results of Cross-Vaccination Experiments , — In order to facilitate 
a comparison of the antigenic relationships established by the present cross- 
vaccination experiments, an interpretative summary is given in Table VII. 
Only those Imphal, Karp, and Kostival vaccines mentioned in Tables III to V 
which had immunity indices of 3.0 or greater witli the homologous organism 
were considered in compiling the summary. Since none of tlie mite 21 vaccines 
gave a high inde.x value with the homologous strain, no selection was applied 
to the data in Table VI. Indices obtained in several different tests with com- 
parable materials were averaged and when such values were 2.5 or greater the 
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degree of cross-reaction was arbitrarily designated as -f similarly, average 
values from 1.5 to 2.4 were designated as +, values of 0.5 to 1.4 as -f -, and 
those of less than 0.5 as zero for Table VH. 

TABLE VI 

Resistance of Mice Immunised with Mite 21 Vaccines^ 


Mice injected with 


Challenge rickettsial 
strain 

Vacc. 1 

Vacc. 2-3 

Vacc. 4-5 

Titer in 1 

Immu- 

nity 

index* 

Titer in 

Immu- 

nity 

index 

Titer in 

Immu- 

nity 

mdex 

Control 1 

Vacc. 

Control 

Vacc. 

Control 

Vacc. 

Mite 21 


6.3 


6.7 



7.2 

6.3 

0.9 

Mite 21 i 

1 



7.8 

6.4 


6.8 

5.7 

1.1 

Wild rat 235 






■jjH 

5.0 

1.5 

3.5 

Imphal 







6.5 


2.8 

Kostival 




7.0 1 

5.5 


7.9 


3.2 

Karp 

8.2 

7.3 


8.2 

6.5 


8.1 


1.7 

Pescadores 







mmm 


0.6 

Volner 




6.4 

6.3 

0.1 

Hi 



Seerangayee 




6.8 

6.9 

-0.1 

■ 

Hi 



* See footnotes to Tables H and in. 


TABLE Vn 


Interpretative Summary of Results of Cross-Vaccination Tests with Strains of R. Tsutsugamushi 


Challenge rickettsial strain 

Vaccine 

Imphal 

Karp 

Kostival 

Mite 21 

Imphal .... 

++ 

-b 

-b-b 

-b-b 

Karp 

4“ 

-b-b 

-b 

-b- 

Kostival. ... 

+ 

+ 

-b-b 

-b 

WUdrat235 . 

-1— 


-b-b 

-b-b 

Volner 

-b- 

-b 

-b- 

0 

Mite 21 

0 

0 

0 

-b- 

Pescadores. 

0 


0 

-b- 

Seerangayee . . . 

0 

0 

0 

0 


Sec text for explanation of table. 


Ihe data indicate that the Imphal, Kostival, and Karp strains are rather 
closely related to one another. Furthermore, each of these has one or more 
immunogenic factors in common with the Volner strain and the first two, at 
least, also possess components similar to those occurring in wild rat 235. The 
imle 21 strain contains antigenic structures found in the Imphal, Kostival, 
Karp, and wild rat 235 organisms, and, in addition, a factor common to itself 
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and the Pescadores agent. However, the mite 21 organism is peculiar in that 
vaccines prepared from it appear deficient in substances necessary for inducing 
good protection against itself. It is particularly striking tliat vaccines against 
none of the four agents induced resistance to the Seerangayee organism, hence 
on the basis of this method of testing, these strains appear entirely unrelated. 
Furtlicrmore, it is apparent that there is no correlation between the geographi- 
cal origins of the agents employed (see Materials and metliods) and tlie relation- 
ships established by tliese studies. 

Efficacy of a Bivalent Vaccine . — Since the monovalent vaccines prepared from 
four strains of R. tsntsugamushi each failed to induce protection against certain 
strains of this agent, it appeared desirable to test the immunizing capacity of a 

T^IBLE Vm 

Resistance of Mice Immunised unth a Bivalent {Karp-Mile 21) Vaccine 


Mice injected with 


Challenge rickettsial 
strain 

Monovalent Karp 
(diluted 1:2) 

Monovateot mite 21 
(diluted 1:2) 

Bivalent Karp and 
mite 21 

Titer in 

Immu- 
nity : 
index* 

Titer in 

Immu- 

nity 

index 

Titer in 

linmu- 

mty 

index 







Karp 



m 

B 



* 8.2 

5,7 

2.5 

Mite 21 





6.6 

0.8 

7.4 

6.5 

0.9 

Seerangayee 



■ 

Ml 


i 

6.5 

6.3 

0.2 


Karp vaccine 12 and mite 21 vaccine pool 4-5 were mixed in equal proportions for the 
bivalent vaccine. Each monovalent vaccine diluted wth an equal volume of saline was used 
for a comparative test. 

* See footnotes to Tables 11 and III. 

bivalent vaccine. Accordmgly, a mixture of equal volumes of a mite 21 and a 
Karp vaccine was used to immunize a group of mice. In addition , other groups 
of mice received the mite 21 or Karp vaceme diluted witli equal volumes of 
physiological saline solution. Subsequently the annuals which had been m- 
jected with the diluted monovalent vaccines were challenged with the homolo- 
gous organism while those immunized with the bivalent vaccine were divided 
into three groups and infected with either mite 21, Karp, or Seerangayee strains 
of rickettsiae. The results of this e.xperiment are presented in Table VIII. 

It is evident that resistance induced by the bivalent vaceme was essentially 
the same as that induced individually by each of its component parts. Since 
neither component alone eheited immunity to tlie Seeranga 3 '^ee strain, it was 
to be e.xpected that the mixture would also fail to immunize against tliis heter- 
ologous strain. The same reasoning might explain tlie lack of augmentation 
of resistance to the mite 21 agent in the mice receiving tlie mixture. However, 
it had been anticipated that the bivalent material would, at least, provide 
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increased protection against Karp since the results of earlier experiments had 
indicated that mite 21 vaccine induced some immunity to the Karp strain. 

Resistance of Convalescent Mice to Inoculation of Homologous and Heterologous 
Strains ofR. tsutsugamushi.—lt has been demonstrated repeatedly that animals 
infected with one strain of R. tsutsugamushi are resistant to infection with heter- 
ologous strains of this agent. Each of the strains used in the present work had 
been previously tested in this respect and found to respond in the usual manner 
(see Table I, under Materials and methods). Nevertheless, in view of the 
differences shown to exist among the eight strains by means of the cross-vaccina- 
tion tests discussed above, it seemed desirable to recheck the identity of the 
strains at the termination of the present study. Accordingly, mice convales- 
cpnt from infection induced by the subcutaneous injection of small amounts of 
Kostival rickettsiae were segregated in groups of five and injected intraperi- 
toneally with 10, 100, or 1,000 minimal lethal doses of organisms of the Kostival, 
Imphal, Karp, mite 21, Volner, Pescadores, or Seerangayee strains. Conva- 
lescent animals survived inoculation with the various challenge materials, 
hence, all of these strains appeared characteristic of R. tsutsugamushi when re- 
exammed in a cross-immunity test. 

DISCUSSION 

Formalin-inactivated vaccines prepared from tissues of rats infected with the 
Imphal, Karp, Kostival, or mite 21 strains of R. tsutsugaiiiushi induced resist- 
ance in mice against infection with the homologous as well as certain heterolo- 
gous strains of the organism. However, none of the vaccines was capable of 
eliciting protection against all eight strains of R. tsutsugamushi employed in the 
present work. These results, which add evidence to that already obtained by 
other methods (11-14), warrant the conclusion that significant differences in 
antigenic structure exist among the organisms now classified as R. tsutsugamushi 
even though infection with one strain renders animals immune to reinfection 
with other strains of the agent. Despite these differences, at the present time 
It does not appear desirable to indulge in taxonomic speculation regarding divi- 
sion of the subgenus R. tsutsugamushi. However, it may be noted that while 
cross-immunity is exhibited by animals which recover from infection with R. 
prowazeki and R, typhi, or from infections with Dermacentroxenus rickettsi and 
D. coroni, nevertheless, vaccines prepared against one member of the pairs of 
agents afford comparatively little protection against the other (25-27). 

The present observations suggest that certain strains of R. tsutsugamushi 
may be more broadly antigenic than others. If this is true, then a search is 
warranted for an organism possessing the entire antigenic mosaic of the sub- 
genus since it might yield a vaccine capable of protecting man against naturally 
occurring infection with scrub typhus. It should be borne in mind, however, 
dial those strains which appear to possess more antigenic constituents tVinn 



350 


SCRUB TYPHUS. UI 


others may consist actually of a mixture of several strains. Such mixtures 
might be obtained unwittingly in the laboratory by combining infectious mate- 
rial from several sources. Thus, the Imphal 8 strain was derived from the 
pooled bloods of five patients and the mite 21 agent from a pool of over 250 
mites. Furthermore, tlie possibility e.xists that the rickettsiae recovered from 
a single naturally infected rodent may represent a biological mixture of strains. 
This idea receives some support from the observations of Audy (28) on one of 
the mite vectors in tlic Imphal area; he states, . . in many populous colonies 
of wild rats the turnover of Trombicula diliensis may well amount to some 
5,000 larvae per rat per annum.” The possibility of a dual infection in such 
an infested rat is not unlikely. 


CONCLUSION 

Antigenic differences among strains of R. tsutstigamiishi are sufficiently great 
that vaccines prepared from certain strains fail to induce resistance in mice to 
infection with otlier strains. Although the results of cross-vaccination tests, 
indicate varying degrees of relationship between a number of the strains, 
there is no correlation between source of the rickettsia and antigenic pattern 
of the agent. 
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We shall show that the amount of protein eaten by normal individuals alters 
the specific gravity of their plasma and the hematocrit value of their blood. 
A point of particular interest is that these two changes move in opposite direc- 
tions. The specific gravity rises but the hematocrit value falls as the protein 
intake increases from low but adequate, through moderate, to high but not 
excessive levels. 

For clinical purposes a rise in specific gravity is taken as an index of a rise 
in the protein concentration of the plasma. It might be supposed, therefore, 
that in these experiments, an increase in protein consumption had been fol- 
lowed by a rise in plasma protein concentration. In that case a plausible ex- 
planation for the opposite movement of the hematocrit value is available. 
Since a rise in plasma protein concentration is frequently followed by an increase 
m blood volume, the fall in the hematocrit value may be regarded as a secondary 
phenomenon consequent to a dilution of the blood in respect of its red cell 
concentration. 

The analysis of variance was applied to the data. The factors postulated 
in these experiments were thus defined in regard to their relative importance 
and in regard to some of their interrelations. Finally it was shown that the 
rise in specific gravity and the fall in hematocrit value, as protein consumption 
increased, could not reasonably be ascribed to chance. 

The hypothesis that the changes in specific gravity and hematocrit values 
are causally related takes it for granted that the rise in specific gravity ^vas 
due to an increase in protein concentration. This is, perhaps, a doubtful 
assumption, particularly when protein consumption is increased, for the ob- 
served degree of change in specific gravity might conceivably arise from changes 
in other constituents of tlie plasma than protein. Direct plasma protein 
measurements during a reiteration of the e.xperiment would have answered 
the question. But since, for various reasons, this repetition was not feasible, 
we had resource to a similar e.xperiment on rats. It was found that the protein 
concentration of the rats’ serum rose, much as the plasma specific gravity 
rose in the human experiments. However in the rats there was no correspond- 
ing fall in the hematocrit readings. Thus the suggested e.xplanation of the 

• This work was aided by a grant from the Nutrition FoundaUon, Inc. 
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inverse relation between the specific gravity and hematocrit measurements in 
man is left as an, at best, unconfirmed hypothesis. This explanation became 
still less plausible when it was found that both scrum protein concentration and 
packed cell volume may rise when the food contains no protein. The facts, 
however, remain and have, in themselves their own limited and empirical 
value*. 

Condilions and Methods 

The first observations were made in 1940 when 10 residents and internes collaborated with 
us in trying to answer a question relating to renal function. During 3 successive weeks they 
took 0.5, 1.5, and 2.5 gm. of protein per day per kilo of body weight. The food in which these 
quantities of protein were given was calorically adequate. There was no limitation of water 
or salt consumption. During each week the diets were taken from Monday to Friday in- 
clusive, while on Saturdays and Sundays no restrictions of any sort were imposed. 

In 1940 we were beginning, in our out-patient clinical work, to use an appro.timate and 
rapid hematocrit method based on centrifuging blood at a constant speed for a constant time. 
We needed, from normal individuals, a mc.asure of the variability of the me.asurements ob- 
tained with this method, and we used the 60 samples of blood obtained from our subjects for 
this purpose. The collections were made at 11:45 a.m. on the 4th and 5th days of each of the 
tliree diets. The blood was drawn into a vaselined syringe. Sb: ml. of well mbced blood was 
transferred to a cylindrical graduated tube containing 12 mg. of dry potassium oxalate. After 
inversion to ensure solution of the o.xalate, the tube was centrifuged for e.xactly 5 minutes in a 
centrifuge driven by an induction motor that ran at 3500 R.p.xr. The percentage of the total 
volume occupied by red cells was taken as the hematocrit value. For the specific gravity 
measurements we used Kagan’s method (1) which is an adaptation of the falling drop tech- 
nique introduced by Barbour and Hamilton (2). 

The second series of observations was made in 1945, on a group of 10 medical students 
(9 men and 1 girl) under the same dietary conditions. After an interval of 2 months, the 
results were checked by repeating the observations on the 0.5 and the 2.5 gm. protein per kilo 
body weight diets. The uniformity of the increase in urea e.xcretion as the protein con- 
sumption rose indicated that there was no significant difference between the dietary con- 
ditions to which the 1940 and the 1945 groups were subjected. The observations were made at 
different times than in 1940, namely on the 5th day of each diet, and 4 collections of blood 
were taken at 7:15 a.m., '11:45 a.m., and 4:45 p.m., just before breakfast, lunch, and dinner; 
and at 9:45 p.m., just before going to bed. 

The standard Wintrobe method (3) was used in 1945 with the hematocrit, and for the 
specific gravity the copper sulfate method introduced by Phillips and his associates (4). In 
the subsequent e.xperiments on the rats, the hematocrit determinations were made on the 
first blood obtained by severing the abdominal aorta. Potassium o.xalate, 2 mg. per 1 ml. of 
blood, was used as an anticoagulant, but, thereafter, VVintrobe’s technique was followed. 
The protein concentration of the serum was measured by a rather tedious and time consummg 
gravimetric method, the details of which have been summarized by Barrett in a paper on 
another procedure (5). This is the method we used in determining the significance of tlie 
colors developed in the biuret measurements employed in the e.xperiments we report on the 
effect of very low protein diets in man. In a considerable experience over many years with 

1 The work was divided so that one author (T. A.) measured the specific gravity and hern:^ 
tocrit values, another (H. G.) was responsible for the statistical analysis, while the thir 
(E. B.) made the gravimetric and biuret determinations of the protein content of the serum 
or plasma. 
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many devices for the detennination of protein, we have been forced to the conclusion that 
the ancient and laborious gravimetric method is still the most reliable and the only one we 
can depend on as a standard. 

RESULTS 

The 59 specific gravity and hematocrit measurements made in 1940 are too 
small in number for an adequate analysis of the various factors involved, and 
this precludes a complete comparison with the 1945 data, wherein we have 
189 specific gravity and 198 hematocrit determinations. In any case, however, 
the existence of a pronounced diurnal variation restricts us to a comparison 
of observations made at the same time of day. Thus only the data obtained 
at 11:45 a.m. can be compared, and of these only those obtained on the 5th 
day of the diet are strictly comparable. 



Food Protein Consumption, gm. per Kilo body wgt. 


of the relative changes in spedfic gravity observed at 11:45 a.m. 
'c ay of each diet in 1940 and in 1945. Expressed as percentage changes from the 
cmis on Ihc 0.5 gm. protein per kilo body weight 


1 'h- 1 compares these few data from 1940 and 1945 expressed in percentage 
c langcs from tlieir mean values on Uie 0.5 gm. diet. In both experiments. 
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though the methods were different and the subjects were not the same, the 
specific gravity rises and tlic hematocrit /alJs as the protein intake is increased. 

TABLE I 

2fea>i Specific Cratily and Ilcinalocrit Values 


1910 experiment 


Protein inUkc 

Specific gravity (Kagan) as protein 

Uematoent value 

5 min. at 3500 

pa kilo body veiiht 

Xm. per 100 cc . 

per cent 

0.5 

6.8 

50.0 

1.5 

6.9 

47.9 

2.5 

7.2 

1 

' 47.1 


ISMS experiment 


Protein intake 

Specific gravity (CuSOi) aa protein 

Hematocrit value 

3S min. at over 3000 s Jar. 

en. per kilo body weisht 

[in. per 100 cc. 

per cent 

0.5 

7.4 

46.6 

1.5 

7.6 

45.5 

2.5 

S.O 

43.6 


In Table I, we give the means of all the observations made in 1940 and 1945. 
The absolute values in the two e.\periments are not comparable because of 
time relation differences and because the hematocrit specimens in 1940 were 
not centrifuged to complete packing. Relatively however, the change in both 
cases is similar, for as the protein intake is increased the specific gravity rises 
and the hematocrit value falls. 

Interprelalion of the Results According to the Analysis of Variance 

The data given in the first part of this paper have been tested by the method 
known as the analysis of variance. Apart from tlie intrinsic value of the con- 
clusions thus validated, it may be hoped that other clinical investigators, 
whose results are often obtained under conditions similar to those observed 
in the present experiments, may find a use for tliis method in the treatment of 
their own data. The analysis is presented as an illustration of the fact that 
more information as to tire meaning of a series of measurements can be obtained 
from the analysis of variance than is possible by the use of the older methods 
that are still almost exclusively used in the treatment of tlie results obtained 
in clinical investigation. 

The idea underlying the continued use of the older metliods may be de- 
scribed as the “crucial experiment” doctrine. For long this has been insisted 
on as the invariable scientific approach. It purports to test putative causes 
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one at a time, on the assumption that laboratory workers can control all other 
factors than the hypothetical one with assurance, even with certainty. His- 
torically, this notion derives from the 19th century, when it was thought proper 
to extend the assumptions underlying work in Newtonian physics to cover 
the treatment of biological measurements. 

This doctrine, so long held an indisputable though difficult ideal, has in time 
been undermined by two forces. The first is the frequency of controversy 
when a reported crucial experiment is repeated under supposedly identical 
conditions but a different result is obtained. Each expert is then inclined to 
beheve that he controlled the essential factors and even to assert that the other 
failed to do so. This attitude involves the assumption of a single factor law 
of cause and effect, although this visionary simplicity is non-existent. On 
the contrary, biological problems even more than physical, involve multiple 
factors which are much less easy to control or even exclude than is supposed 
by crucial experimenters. For many years it has been evident that the crucial 
experiment is an ideal trouble-maker, though no other principle of experimental 
approach has received general acceptance in clinical experiments. The crux 
still exerts its dead hand. 

The second undermining force is the variabihty of nearly all human factors, 
even under standardized conditions. Of recent years, this difficulty has been 
solved for many situations by the work of mathematicians, for they have in- 
creasmgly simplified and extended the rules of probability to small samples, 
say 30 repetitions of an experiment, or even less. So in biological and medical 
papers the age-old average and range of variation are now supplemented by 
some measure of variability. This has permitted precise statements as to 
whether the difference between observed means was attributable to chance or 
was significant. All this has led to a weakening of the doctrine of the crucial 
experiment. 

The further advance with which we want to deal here, permits a working 
hypothesis that a postulated factor is primary, but it provides evidence which 
will confirm that postulate or alternatively deny it in favor of some other 
factor in the original hypothesis, visualized as secondary or possibly one hardly 
considered. Furthermore the method affords evidence as to the degree to 
which the factor which proves primary is not only accompanied but itself 
influenced by other factors. 

Fisher’s analysis of variance, designed originally for the simultaneous testing 
of multiple factors durmg e.xperiments in agriculture, is sometimes appropriate 
to c.Tperiments in man. This method involves the splitting of the total varia- 
bility and tlie assignment of tlie several fractions to the factors responsible for 
their production. 

The classical exposition is found in Fisher (6) and useful practical guides 
to the computations and interpretations in Snedecor (7). Here it is impractical 
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to do more than give a concrete illustration of the use of the method in the 
analysis of the data given in this paper. 

The working hypothesis in our e.\periment was the supposition that in normal 
individuals a change in protein consumption might be followed by a change 
in specific gravity and hematocrit measurements. As far as averages can 
go, this hypothesis was supported (Table I). In 1940, as in 1945, an in- 
crease in protein consumption was associated with an increase in specific 
gravity and a decrease in liematocrit readings, in different subjects and in 
measurements made by different methods. Furtliermore, in both e.\'periments 
the use of the conventional methods indicates that the changes are “significant;” 
that is, that there is only a remote possibility that they were a consequence of 
chance variation. 


It would be an error, however, to assume that the variation in protein intake 
was the only factor involved. The results are influenced significantly in 
both 1940 and 1945 by variation amongst the subjects of the experiments, 
and in the 1945 e.xpcriment by the time of day at whicli the measurements were 
made. In addition it is shown that in both experiments the measurements 
were altered by a synergistic combination of the effect of the protein intake 
and the effect of the individual differences amongst the subjects. This is 
known teclmically as an “interaction.” It is indicated by the fact that the 
protein variation was followed by a greater effect in some subjects than in 
others. These mteractions are multiple. Thus for the 1945 experiment we 
have estimated the effect of tlie interactions between the protein and tlie times 
at which the observations were made, and between the protein and the subject, 
and have measured the effect of a triple interaction between the protein, the 
subject, and the time. That, in addition to these reactions, otlier factors than 
tliose we have e.xamined were operative is certain. These, however, will 
sufiice to indicate the scope of the method. 

Tabulations of the condensed analysis of variance are put on record for those interested m 
such documentation, in Tables 11 and III. With reference to Table II it may be noted tliat 
discrepance = subclass discrepance, or between days within subjects, or, in less technical 
language, between replications on each patient on different days. This discrepance is tlie 
residual error which we have been unable to analyze into smaller parts; it is therefore to be 
t^ken as the basic unavoidable variability or error. Witli it we compare the variability due 
to each factor stated; for example, protein intake. The variability is examined in terms of 
the mean square, and most conveniently by the F ratio; i.e., the MS to be tested, divided 
by the error-jlf^. In tliis example, we have 46,5/2.3 == 20, and entering Snedecor’s table 
with F = 20, and with the proper degrees of freedom here 2 and 30, we read the probability, 
it turns out less than 0.01; i.e., the 1 per cent level: this means that the chance of finding a 
variability (mean square) as large as here, would be less than one in a hundred repetitions 
of this e.xperiment; a chance so small that it is customary to ignore it and s.ay the result is 


significant. _ i c , r 

With reference to Table III, the computations revealed the operation of several _-lacto 

interactions. This indicated the necessity of tabulating tlie complete analysis, instead o 
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reporting only the simple form which covered the fractions of variance found sigmficant in the 
1940 experiment. Then the non-significance of the interaction Times X Subjects and of 
Proteins X Subjects X Times, warranted the combination of these (lines 6 and 7) into a 
pooled error variance (line 8). Finally this last item was used as the basis of reference to 
demonstrate the agnificance of items 1 to 5, as already stated in general terms. The com- 
putations to demonstrate significance, by the F test, are not reproduced; the method is the 
same as illustrated for Table IV; here the protein intake variability is tested; 28.3/0.63 = 45; 
and entering SnedecoFs table, we again find this value statistically significant. 

What proportion of the total variability is attributable to each of these three main factors? 
This simplification is not customary, but as a rough estimate the following items in the tables 
may be pointed to. In the 1945 experiment, for the hematocrit readings, the subjects con- 
tnbuted by far the largest proportion of the total sum of squares; 1581/1924 = 82 per cent, 
the time factor contributed 181/1924 = 9 per cent, but the protein level contributed only 
57/ 1924 = 3 per cent; nith minor contributions by the various interactions. 

Siimlarly in 1945, for specific gravity, the subjects contributed 10.25/21.03 = 49 per 
cent of the total sums of squares, the protein level contributed 2.70/21.03 = 13 per cent, and 
the time element contnbuted 1.21/21.03 = 6 per cent; with minor contributions by the inter- 
actioDS. 

The subjects made much the most notable contributions; but for the other two factors 
the order was not the same. Hematocrit readings seemed influenced by time factor more 
than by protein intake, whereas for specific gravity the protein was the more important factor. 

'fhe essence of the analysis distils out as follows: — 

Subject Factor . — This was markedly significant by the statistical test, and 
in general was the most potent factor. 

Protein Factor . — This was also markedly significant. 

Time Factor . — This in the 1940 experiment was days, i.e. blood samples on 
2 successive days; it caused no variability, either in hematocrit readings or 


TABLE II 
20 to Experiment 


Source of variation 

Degrees 

of 

freedom, 

d/ 

Hematocrit value 

Specific gravity 

Sum of 
squares, 
55 

Mean 

square. 

Sum of 
squares, 
55 

2Ican 

square, 

J/6 

Protein, F 

Subjects, 5 

Interaction P X 5 

Discrepance, for error 

2 

9 

18 

30 

93.1 

549.8 

65.7 

69.3 

46.5 
61.1 
3.6 I 
2.3 

1.289 
1.140 
0.524 
1.240 ] 

0.645 

0.127 

0.029 

0.041 

Total j 59 

777.9 ! [ 4.193 1 


^ccific gravity; and therefore the calculations are not reproduced in Table 11. 
n the other hand, time in the 1945 e.\pcrimcnt was hours, i.c. samples at 4 
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different hours on the same day; this factor was a real source of variability 
and tlierefore the analysis is shown in the appropriate detail in Table III, 

TABLE in 
IP-fS Experiment 


Analysis oj Variance 


Line 

1 


Dfgrccj 

of 

freedom, 

d/ 

Hematocrit value 

SpfcjBc gravity 

Source of varhtioa 

Sum of 
snuaro, 
SS 

Mean 

square, 

SIS 

Sum of 
squares, 
SS 

ifeon 

square, 

MS 

1 

Main cITccts: 

Protein, P 

2 

56.6 

23,3 

2.70 


2 

Subjects, S 

9 

I5S1.2 

175.7 

10.25 

1.139 

3 

Time, T 

3 

181.0 

60.3 

1.21 

0.403 

4 

2-Factor interactions: ! 

PXT 

6 

32.8 

5.46 

0.93 

0,155 

5 

PXS 

1 18 

' 21.8 

1.21 

2.23 


6 

TXS 

27 

22.1 

0.82 

1.36 


7 

Triple interaction: 

PST 

54 

29.0 

0.54 



8 

Pool 6-7, for error 

81 

51.0 

0.63 



9 

Total 

119 

1924.5 


21.03 



Does the Protein Concentration as Weil as the Specific Gravity of the Plasma 
Increase When Protein Consumption Increases? 

By virtue of the analysis of variance it is possible to derive from the data 
many well founded conclusions, of which tlie most important for our immediate 
purpose are tlie rise in specific gravity and the fall in hematocrit value. Why 
may^we not suppose than an increase in plasma protein concentration is followed 
by an increase in plasma water, not enough to prevent some rise in proteui 
concentration but sufficient to account for the fall in the hematocrit value? 
The advantage would be that we could then view both of these changes as a 
consequence of a single underlying metabolic alteration sucli as might well 
follow an mcrease in protein consumption. 

The difficulty is that the statistical analysis supports only one of tlie two 
facts that the hypothesis purports to explain. We now know that an increase 
in protein intake is associated with a decrease in tlie hematocrit value, but it 
is not proved that there is any increase in plasma protein concentration. What 
we measured was specific gravity. Unquestionably tliat rises as tlie hema- 
tocrit value falls. But when, following clinical usage, we expressed these 
specific gravity changes in terms of protein, we were making an assumption 
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which may not be valid under the conditions of our experiments. It is this 
assumption that warrants a brief discussion. 

We are not concerned here with the general question as to whether, for most 
clinical purposes, it may or may not be justifiable to predict plasma protein 
concentration from specific gravity measurements. We think that question 
has aheady been answered in the affirmative by the careful work of many 
investigators between 1930 (8) and the present day. 

What we should most of all like to know is whether the increase in the specific 
gravity in our subjects can be accounted for by a parallel increase in protein. 
That knowledge we cannot get because we did not measure the protein while 
the experiments were under way, and various circumstances prevent us from 
reduplicating the conditions we once had. All that can be said now is that 
there are two general considerations which make us hesitate to assume a 
parallelism between specific gravity and protein concentration under the 
particular circumstances of our experiments. First, the rise of specific gravity 
acquires most of its statistical significance from the number of observations 
. from which the averages were derived. The absolute change in specific gravity 
as we pass from 0.5 to 2.5 gm. of protein is represented in terms of protein by a 
rise from 6.8 to 7.2 gm. protein per 100 cc. in 1940,' and from 7.4 to 8.0 gm. 
protein per 100 cc. in 1945. Now the general relation between specific gravity 
and protein amount that w’e find so useful in clinical work, where we rarely 
attempt to draw inferences unless the differences from our normal standards 
are larger than those we are here considering, depends mainly on the fact 
that the electrolyte concentration in the plasma remains relatively constant 
under a wide variety of conditions. Major changes in specific gravity can 
thus be ascribed and have, in fact, been shown to be due, in the main, to shifts 
in protein concentration. However in this particular experiment, we have no 
assurance that the non-protein organic constituents remain as constant as the 
inorganic. Thus, both in 1940 and in 1945, we found that the serum urea 
concentration more than doubled as we went from 0.5 to 2.5 gm. of protein 
per kilo (9) and though, in itself, this could have had no appreciable effect on 
our measurements, it is possible that the summation of parallel increases in 
other organic constituents may have been a factor in the rise of specific gravity 
as the protein intake was increased. Second, plasma is a mixture of substances, 
and we cannot, as >et, assign to each substance its part in the production of 
the specific gravity we measure. For that we should need a knowledge of tire 
concentrations of all of the substances in the plasma. Each has its own 
specific effect and while, for most of them, an increase in their concentration 
will increase the specific gravity, there are others, fats for instance, that de- 
crease specific gravity as they accumulate in the plasma. Thus a decrease 
in fat concentration as tlie protein intake rose is at least a possible reason for 
Uie observed rise in specific gravity. 
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Since we could not reiterate our experiments on human subjects, we had 
resource to a parallel experiment on rats. 

We have compared tiic protein concentration predictions from specific gravities as de* 
termined with the copper sulfate method with actual protein measurements by the gravi- 
metric metliod. The variation in protein consumption was obtained by replacing corn starch 
with casein so that we got three diets with the same caloric, vitamin, and mineral content, 
in the first of which there was no casein, in the second 17 per cent, and in the third 74 per cent 
of the total food weight. 

There were 10 rats on each of these three diets, 5 male and 5 female, chosen so tliat they 
were of similar weight (200 gm. for the male and ISO gm. for the female), all selected from a 
colony living on a stock diet that contained 17 per cent of protein. The blood was obtained 
by serving the abdominal aorta under ether anesthesia. The obserc'ations were made 4S 
hours after the diets were given because we have found that at this time on these diets the 
major changes had occurred in the total and organ protein content of the animals (10). The 
results are given in Table IV. 


TABLE IV 


Protein consumption 

Protein concentration in serum 

1 Gravimetric 

Biuret 

Specific gras-ity 
(CuSOi) 

Low (1 per cent protein in diet) 

1 

im. per 100 cc. 

5.72 

6.23 

6.57 

im. per lOO cc. 

5.91 

6.07 

6.25 


Medium (16 per cent protein in diet) 

TIigh (74 per cent protein in diet) 



Tlie results given in Table IV give us some reason to suppose that the specific 
gravity changes we observe in man when tlie consumption of protein is in- 
creased may be a consequence of changes in protein concentration and that 
tliey w'ere probably not due to alterations in otlier constituents of the plasrna. 
Certainly, in tlie rat, increase in protein consumption is followed by an in- 
crease in serum protein concentration and the direction of the change is given 
by specific gravity measurements. 

The Mechanism of the Relation between Protein Consumption and Serum 

Concentration 

In tlie experiment whose results are given in Table TV we have an example 
of the fact that an increase in protein consumption is associated witli an in- 
crease in serum protein concentration. But this same experiment denies our 
original supposition tliat there should be a concomitant fall in tlie packed ce^ 
volume. The averages of closely agreeing values were 41.7 for the low, 41.o 
for the moderate, and 42.5 per cent for the high protein intake. An explana- 
tion that was plausible for man is found to be inapplicable to tlie rat and is 
thus shown to be devoid of any general physiological significance. There 
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remams the question as to why the serum protein concentration rises and falls 
with change in protein consumption. 

The question as to why the serum protein concentration falls when the 
protein consiunption is sharply reduced to levels that are inadequate for 
nutrition has been investigated by Bloomfield (11). Using the gravimetric 
method, and working with large numbers of rats, he showed that all of the 
decrease in serum protein concentration occurred within 48 hours of the change 
in diet. Thereafter, over very long periods of time, there was no further 
significant decrease in concentration, in spite of a pronounced and continuing 
loss of body weight. After 147 days on the low protein diet, the serum protein 
concentration promptly returned to its origmal level when an adequate amount 
of protein was- given. It is reasonable to assume that continued observation 
would have shown that it stayed thereafter at about that level. Certainly 
it is a fact w-e could support by many observations, that, after the initial in- 
crease, there is no further change in concentration, no matter how long we go 
on feeding adequate or even excessive amounts of protein. 

Bloomfield noticed that the rapid shifts in total concentration levels as- 
sociated with pronounced changes in protein consumption w-ere not due to a 
change in all of the proteins of the plasma. They could be accounted for by 
change in albumin alone, an observation which, in general, is in consonance 
with the origmal work of Govaerts (12). In theory, this reduces the problem 
of the mechanism of the food protein effect to an inquiry into the reasons for 
change in only one of the components of the plasma protein complex. In 
practice, however, we have not been able to take advantage of this simplifica- 
tion because we could not satisfy ourselves as to the reliability of our serum 
albumin measurements, and thus have had to be content with total protein 
determmations. 


In experiments which we shall publish later, we have found that serum 
albumins given parenterally to rats are digested. Part of the injected al- 
bumin is used for anabolic purposes and part of its nitrogen is excreted as 
urea. This circumstance makes it worth while to study the time relations 
between the change in serum protein concentration and the change in protein 
metabolism that occur when the protein content of the diet is suddenly re- 
duced to very low levels. If they occur together we shall have some reason to 
suspect that the serum albumin shift may be one of a series of interrelated 
events that accompany any pronounced reorganization in the relative magni- 
tude of the rates of protein anabolism and catabolism. 

We therefore studied the time relation between the decrease in protein 
metabolism that follo-.vs a change from a high to a low protein diet and the 
decrease in serum protein concentration which we quite confidently e.xpected 
uould follow the diet change. Four medical students were asked to make a 
sudden and pronounced altemtion in tlicir protein consumption. On rilonday 
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and Tuesday tliey ate weighed diets that contained 2.5 gm. of protein per kilo 
body weight. On Wednesday and on Tluirsday up to 12 noon they were given 
only 10 gm. of protein a day with adequate calories. For their body weight 
this appro.viniatcd a consumption of 0.13 gm. protein per kilo. Throughout 
Tuesday and Wednesda}'’, and during the forenoon of Thursday, they collected 
urine at 5 hourly intervals during the day, between 7 a.m. and 10 p.m., with 
night collections between 10 p.m. and 7 a.m. In each individual the serum 
protein concentration was determined by the biuret method and the average 
results were confirmed by gravimetric determinations on pooled sera. In 
Table V tiie average results are given. 

TABLE V 


Failure of Any Sisnijicaiil Change in Scrum Protein Concentration to Occur during the First 
Z9 Ilours after Change from a High to an Inadequate Protein Consumption. Averages 

from Four Subjects 


Day 

I’rotcio 

consump- 

tion 

Semm protein concentration 

7:ISa.m. 

11:45 a.m. 

4:45 p.m. 

9:45 pan. ' 

Tuesday 

SM. per ts. 

2.5 

0.1 
i 0,1 

tm. per JCO 

8.45 

S.37 

S.SO 

per JOO 
ftf. 

S.23 

8.49 

8.77 

per iOO 
cc. 

8.65 

8.75 

itt, per lOO 
cc. 

8.42 

8.74 

Wednesday 

Thursday 



It is apparent that tliere was no decrease in concentration during the first 
29 hours following a diange from high to a very low protein consumption. 
The hematocrit values also remained unaltered. Yet during this period the 
rate of urea excretion fell from 46.6 gm. per 24 hours on Tuesday, when they 
were on the high protein diet, to 17.5 gm. per 24 hours during tlie last collection 
on the inadequate protein ration. Over tliis time, also, the serum urea con- 
centration declined from 49.2 to 23.1 mg. per 100 cc. Thus durhig the 29 
hours in whidr the major part of the metabohe readjustments reflected by die 
excretion and concentration of urea was accomplished, the serum protein 
concentration did not fall. 

Although the results given in Table V show that a great reduction in protein 
catabolism may occur without any fall m serum protein concentration, we 
still thought tliat we had only misjudged the time at which the fall occurred 
and we supposed we should observe it if we extended the period of observation. 
But when another group of four students took for 5 days a diet tliat was tlieoret- 
ically adequate in all respects except that it contained no more than traces 
of protein, we got tlie results given in Table VI. 

The measurements given in Table VI were obtained by the biuret metho 
in serum drawn every morning at 9:30 a.m. Instead of a fall in concentration 
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we find a steady daily rise over tjie whole 5 day period. This was accompanied 
by a slight increase in the hematocrit values. When the same subjects took 
diets containing 5, 10, or 15 gm. of protein there was no fall in serum protein 
concentration but rather, on the average, a slight and dubious increase without 
any definite change in packed cell volume over 5 or 6 day periods. Only when 
no protein at all was given were the results consistent and definite. Here the 
conjunction of an increase in both serum protein concentration and hematocrit 
reading made it seem possible that both phenomena might be a result of a 
decrease in total plasma volume. Dr. J. Hopper of the University of Cali- 
fornia Medical School was good enough to test this hypothesis for us. Com- 
paring the results at the end of the period of zero protein consumption with 
those he obtained when the subjects were on an unrestricted diet, he found 


TABLE VI 

Increase in Serum Protein Concentration during the 5 Days Following Change from Unrestricted 
Food Consumption to a Diet That Contained No Protein 


Subject 

Days on a diet with no protein 

1st 

2nd 

3rd 

4tl> 

1 Sth 


im. per 100 cc. 

gm, per 100 ce. 

im. per 100 cc. 

sm. per 100 cc. 

gm. per 100 cc. 

F. 

7.48 

7.63 

7.68 

8.29 

8.71 

G. ' 

7.78 

7.48 

8.14 

8.03 

8.05 

C. 

6.17 

6.83 

7.08 

7.55 

8.31 

L. 

6.73 

6.91 

7.74 

7.65 

8.07 

Averages 

7.04 

7.21 

7.66 

7.88 

8.28 


no consistent differences with the CO and the Evans’ blue methods, and con- 
cluded that there was no evidence that the diet had had any effect on either 
total blood or plasma volume. 

On all these diets there was a steady loss of body weight in spite of what 
appeared to be a more than sufficient consumption of calories. The readjust- 
ment of protein metabolism had been completed before the 5th day. On the 
zero protein diet the minimum urea excretion of 7.17 gm. per 24 hours came on 
the 3rd day and the serum urea concentration fell to 13.3 mg. per 100 cc. But 
the question with which we started, the relation in time between the change in 
protein metabolism and the e.\pected fall in serum protein concentration, 
remains, of course, unanswered because instead of a fall we found a rise in 
concentration which was still continuing after all the metabolic change we can 
measure by urea excretion had been accomplished. 

DISCUSSION 

The subsidiary c.xperiments, which were planned to throw light on the 
meclianism of the protein effect, have ser\-ed only to show tliat the inverse 
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changes in serum protein concentration and packed cell volume which were our 
starting point, arc not necessarily related as cause and effect. They have also 
demonstrated that we cannot derive from our results any general rule about 
the effect of change in protein consumption. The divergent direction of 
movement in protein concentration and hematocrit reading was found only 
in man. This phenomenon is further restricted to the ]iarticular conditions 
that obtain when the variations in the amounts of protein consumed are within 
the zone of what is defined as adequate for maintenance. \\'hen inadequate 
amounts are given, quite different or even contradictory effects are found. 
For this reason we have not been able to learn anything about the mechanism 
of the changes b}'’ pusliing the dietary alterations to their e.xtreme limit. From 
a negative point of view, however, it is of interest that a maximal and rapid 
decrease in protein metabolism may be associated with an increase in serum 
protein concentration not due to diminution of plasma volume. Nevertheless 
we must admit that the methods we used have been shown to be entirely 
inadequate for the purpose of answering the questions we have raised. Nor 
is it to be e.\'pected that they might have been solved if we had measured blood 
and plasma volumes and given the results in terms of total circulating plasma 
protein and red cell mass. Certainly much niore would have been learned, 
for it is inadmissible to assume that blood volume remains constant when 
protein consumption is changed. In the work of hletcoff, Favour, and Stare 
(13) volume measurements were made but they were still not able to reacJi an 
unequivocal definition of the mechanisms involved in the total changes they 
measured. The excellently controlled and precise study of the effects of 
prolonged undernutrition in man reported by Keys and his collaborators (14) 
reveals how complex are the relations between the body as a whole and tlie 
volume and concentration changes in plasma protein and red cells, and to what 
a high degree any real understanding of the significance of these dianges is 
dependent on a quantitative knowledge of total body composition in respect 
of the proportions of water in the cells, in the interstitial tissues, and in the 
circulating blood. The difficulty in reaching definitive conclusions about 
protein effects seems to lie in the circumstance tliat changes m protein con- 
sumption induce diange in the system as a whole, as well as in all tlie parts 
that compose it. We tlius have no fixed, undianging, common reference value 
in terms of whidi we can express our measurements in order to compare them 
and learn tlieir relative and absolute meaning in relation to the whole organism. 
At least we now know that body weight or any function of body weight does 
not give us what we need. Even if, admitting our incapacitj’" to draw precise 
general inferences, we restrict our attention to the circulating blood wlmse 
volume we can at least approximately measure and in which relatively precise 
determinations of the concentration of its constituents can be made, we still 
do not have the information required for a full comprehension of the mechanism 
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of the effects of change in protein consumption. For this circulating blood 
is not a closed system, isolated from the body as a whole. In many respects 
it is like a reservoir into which newly formed protein molecules and red cells 
are always running, and out of which protein molecules and red cells as con- 
tinuously are passing as they are metabolized or phagocytosed. What we 
need, in addition to the volume and concentration, are simultaneous measure- 
ments of the' total inflow and total outflow of protein and red cells. 

From an empirical point of view, however, it is of interest that in man a 
change from a low to a moderate, and then to a fairly high protein consumption, 
should be associated with an increase in specific gravity and a decrease in the 
packed cell volume. This protein effect is one of the minor factors which 
contribute to the total variability of these measurements in normal individuals. 

SUMMARY 

When the protein consumption of normal human individuals is increased 
from 0.5, to 1.5, to 2.5 gm. of protein per kilo body weight, the specific gravity 
of the plasma rises and the hematocrit value falls. 

The analysis of variance demonstrates that the change in protein con- 
sumption is a significant but minor factor in determining the total variability 
of the observations. 

When albino rats were given diets containing a small, a moderate, and a 
large amount of protein, there was an increase in serum protein concentration 
but no change in hematocrit value. 

During the period over which the most rapid changes in rate of urea excretion 
and serum urea concentration occurred as normal human individuals passed 
from a 2.5 to an 0.1 gm. of protein per kilo body weight consumption, there 
was no change in serum protein concentration. 

Over a 5 day period during which a diet that was adequate in calories but 
almost wholly devoid of protein was taken, the serum protein concentration of 
normal individuals steadily rose. This was associated with a slight increase 
in hematocrit value but no change in blood or plasma volume. 

The protein effect is one of the minor factors that contribute to the varia- 
bility of serum protein and hematocrit measurements in normal individuals. 

The general conclusion is reached that we shall have to measure the rate at 
which red cells and protein enter and leave the circulatmg blood stream before 
we can hope to comprehend the mechanism of the protein effect. 
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Althougli reinfection, -with sypliilis is not uncommon, it is usually observed 
in patients who have been treated early in the disease, and is observed only 
rarely in patients treated after the secondary Jesions have spontaneously re- 
solved (1) . In syphilitic rabbits also, a solid i mmunity develops after a period 
of approximately 3 months (2) . If such animals are cured by appropriate treat- 
ment and then reinoculated, even several million organisms usually fail to pro- 
duce a second infection. 

The mechanism of this immuni ty is not clear. It bears no obvious relation- 
ship to the presence of serum agglutinins or lysins; and opsonins have not been 
demonstrated. Syphilis does regularly cause the production of an antibody 
(“reagin”) reactive with a ubiquitous lipoidal component of normal mammalian 
tissue. It is not yet clear, however, whether this reagin is actually a specific 
antibody to T. pallidum which happens to cross-react with a serologically related 
component of mammalian tissue (3), or whether, as suggested by Sachs, Ellop- 
stock, and Weil (4), syphilis causes the breakdown of host tissue and the release 
of tissue haptenes which are activated by spirochetal protein to form a complete 
antigen. _In either case, the presence of so called Wassermann or flocculation 
reagin is apparently not the basis of the observed resistance to reinfection. In 
both rabbits and man, the titer of this antibody is highest in the early stages of 
the (flsease, long before there is a significant degree of immunity, and the titer 
may have dropped to negligible levels at a time when the immunity is maximal. 

The only e.xperimental evidence yet adduced for the presence in the serum of 
syphilitic animals or men of antibodies directed specifically against the causative 
organism is the demonstrations by Tani and his coworkers (5, 6) and by Turner 
(7) that when such serum is incubated with suspensions of T. pallidum and the 
mixtures injected into rabbits, the production of syphilitic lesions is then either 
delayed or prevented. In the latter instance, it is not yet known whether tlie 
admixture with serum actually prevents infection, or merely suppresses the 
appearance of tlie primarj' lesion, and makes the infection asymptomatic. 

1 he present experiments were undertaken to determine the antibody response 
in rabbits to killed suspensions of pathogenic T. pallidum, administered in sa- 
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line suspension, or incorporated in water-in-oil emulsions as described by- 
Freund (8). As will be here shown, the injection of even large numbers of the 
organisms, up to a maximum of 38 billion injected over a period of 13 weeks, 
did not produce demonstrable resistance to infection, since as few as ten organ- 
isms then sufficed to cause infection. The serum of such “immunized” animals 
had no demonstrable direct effect on the organisms in vitro. 

The injection into rabbits of killed T. pallidum did, however, regularly cause 
tlie production in high titer of antibodies similar to those which develop in the 
course of syphilitic infection, the serum giving positive complement fixation 
(Wassermann) and flocculation tests witli lipoidal extracts of normal tissue. 
The serum dilution titers reached a maximum level within 2 to 3 weeks. There- 
after, and despite continuing injection, tlie titers decreased progressively. 

The present e-xperiments therefore throw no light on the mechanism of im- 
munity in syphilis. They do, however, constitute strong evidence that, as 
originally postulated by Wassermann, so called reagin may be simply an anti- 
body to T. pallidum. Its anomalous reactivity with alcoholic extracts of nor- 
mal mammalian tissue is probably to be attributed to the presence in such e.x- 
tracts of a lipid substance serologically related to one or more of the antigenic 
components of the organism {cf. (3)). Methods of preparing treponematal 
suspensions from rabbit chancres have not yet yielded suspensions sufficiently 
concentrated and sufficiently free from tissue components to warrant either 
their chemical fractionation or their use in absorption e.xperiments. 

EXPERIMENTAL 

Antibody Response to the Injection of Saline Extracts of Testicular Chancres 

Experiment 1. Inlradermal Injection . — 

Rabbit testicular chancres were removed at the height of the inflammatory reaction* 
minced with a scissors, and ground in a mortar with sand. The supernatant fluids, containing 
10 million organisms per cc., were heated at Sfl^C. for 1 hour to kill the organisms, and were 
then kept frozen at — 25°C. until used. Three rabbits were injected intradermally three times 
weekly, in amounts of 0.2 to 0.5 cc. One animal died after eight injections. The remaining 
two rabbits received 3.7 cc. (37 million organisms) over a 4-week period. Nine days after tlie 
last injection the serum Wassermann titers were 1:24 and 1:16. One of tlie two rabbits, inocu- 
lated intradermally with an unmeasured inoculum 7 days after the last injection, developed a 
darkfield positive lesion after a normal incubation period. 

Experiment 2. Intradermal and Intraperitoneal Injection . — 

A second group of four rabbits was injected both intradermally and intraperitoneally, the 
individual dose by the former route increasing from 0.2 to 0.5 cc., and by the latter route from 
0.5 to 7 cc. In the course of twelve injections over a period of 4 weeks, the rabbits received a 
total of 3.7 cc. intradermally and SO cc. intraperitoneally, and a grand total of 537,000,000 
organisms. Nine days after the last injection, the serum Wassermann titers were 1:48, 1 :32, 

1:8, and 1:24. Three of the four rabbits inoculated at that time intradermally with an un- 
measured inoculum developed typical darkfield positive lesions after a normal incubation 

period. 
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Experivient 3. Inlravenous Injection . — 

In a third experiment, begun in January, 1940, the orgaiusms were injected intravenously 
and in much larger numbers than had previously proved feasible. Similarly prepared extracts 
of rabbit chancres were kept frozen at -25'’C. until large amounts had been pooled. Two 
suspensions were prepared; one (325 cc. from a total of 132 testes) contained 75 nullion organ- 
isms and 5 mg. of N per cc.; the second suspension (235 cc. from 110 testes) contained 50 mil- 
lion organisms and 5.4 mg. of N per cc. Ten rabbits were injected intravenously three times 
weekly. Five died in the course of the injections. The remaining five received 35 cc. in 


TABLE I 

Antibody Response in Rahbits to Snspensioiis of T. pallidunt in 'Testis Emulsion 
{Suspension Injected Intravenously Three Times Weekly) 


Eflbbit No, 

No. of 
injec- 
tions 1 

Dura- 
tion of 
inunu- 
lization 
period 

Total y 
No. of 
organ- 1 

{ 

■VasserDiana*| 
titers on 
day No. 

Flocculation* 
titers on 
day No. 

Resistance to infection 

xio* 

1 

m 

37 

1 

m 

37 

42-87 

13 

dayx 

37 

4-4 


6 

32 

0 

16 

48 

Approximately 2 X 10® organisms 
were inoculated intradermally 2 
days after the last immunizing 
injection. All the rabbits de- 
veloped a darkfield positive le- 
sion in 13 days, simultaneously 
with a group of non-immunized 
control animals. 

42-88 

13 

37 ' 

4.4 ’ 

0 

18 

48} 

0 

48 

96} 

43-98 

13 

37 

m 

4 

12 

12 

0 

24 

24 

4440 

13 

37 


1 

<4 

6 

0 

12 

24 

4449 

13 

37 


i 

<6 

6 

0 

2 

4 

43-22 

13 

37 

4.4 

0 

4 

— 

D 

■ 

— 

Not done 

53-91§ 

53-92§ 

S3-97§ 

12 

12 

12 

33 

33 

33 

4.8 

4.8 

4.8 

0 

i 

0 

— 

0 

6 

0 

0 

0 

— 

12 

16 

12 


* Wassermann and flocculation technics as described in (12), pages 1 and 5. Titers are 
expressed as the highest dilution of serum giving a positive result. 

t This scrum had no demonstrable agglutinating effect when added to an equal volume of 
a spirochetal suspension containing 10“ organisms per cc., did not affect their motility, 
and the suspension remained infectious for rabbits {cf. Table II). 

§ Injections by intravenous drip. 

eight injections, and after a 10 day rest period were given a second course of 36 cc. in five in- 
jections. .4 total of 4.4 bilh'on organisms was thus injected over a period of 35 days. The 
scrum Wassermann and flocculation liters of this scries of rabbits during the immunization 
period arc summarized in Table I. As there shown, every animal injected developed a sig- 
nificantly increased reactivity with the alcoholic extracts of beef heart used as “antigen” in 
there tests. 

This increased reactivity with mammalian tissue extractives presumably 
represents an antibody response to the organisms, although the necessary pres- 
ence of tissue derivatives in the material used for injection complicates the inter- 
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pretation of the results (c/. page 381). It is true that similar extracts of normal 
testes, containing even larger amounts of solid and of N, did not cause the ap- 
pearance of these antibodies in any one of fourteen rabbits tested. Further, 
such antibodies were not obtained when suspensions of cultured treponemata 
(Reiter strain) were added to the normal testis extracts in numbers correspond- 
ing to the number of pathogenic T. pallidum present in the chancre extracts. 
Antibodies reacting specifically witlx the saprophytic organism were, however, 
produced in high titer (9) . These findings confirm the results obtained by many 
previous workers who have studied the antibody response to cultured spiro- 
chetes {cj. (4), page 292). 

There was the further possibility that the treponematal suspensions used for 
immunization might have been infectious, despite the fact that they had been 
heated at 56°C. for 1 hour and stored at — 25°C. for at least 2 weeks prior to use. 
This possibility was excluded by the demonstration that the popliteal lymph 
nodes of the immunized animals were not infectious for normal animals at the 
end of the immunization period. 

Despite tlie appearance of a reagln-like substance in the serum in dilution 
titers comparable to tliose observed in the natural infection, when four of the 
animals of Table I were inoculated intradermally 2 days after the last immuniz- 
ing injection, all developed typical darkfield positive lesions after a normal in- 
cubation period. Altliough tlie size of the inoculum was not accurately deter- 
mined, it follows from the fact that many motile organisms were present in 
each microscopic field that on the order of 1 million to 10 million were injected 
in this challenge inoculation (10). This experiment must, therefore, be quali- 
fied by the fact that the inoculum used was many thousand times the minimal 
infectious dose (10), a complicating factor which was rectified in a following 
experiment. 

Corresponding to the fact that the animals were not resistant to infection, 
when serum from rabbit 42-88, obtained at the end of the immunization period, 
was mixed with living organisms, there was no effect on either their motility or 
infectiousness {cf. Table II). 

Experiment 4. Intravenous Drip . — 

Three rabbits were injected, by slow intravenous drip, with a suspension containing 85 mil- 
lion organisms per cc. In tliirteen such injections, given three times weekly over a period of 
35 days, the animals received a total of 57 cc. of chancre extract, representing 4.S billion organ- 
isms. The serologic response in those animals (bottom section of Table I), although not as 
pronounced as that observed in the preceding series, was nonetlieless definite. 

Antibody Response in Rabbits Immunized with a Concentrated Suspension 

of Sedimented T. pallidum 

In later experiments concentrated suspensions of T. pallidum containing 
relatively small amounts of tissue extractives were prepared by differential 
centrifugation of the chancre emulsion. 
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Experiment 5 . — 

Testes were removed tit the height of the inflummutory reaction 10 to 14 days after their 
inoculation, finely nunced with scissors, and ground in a mortar and pestle with 0.85 per cent 
NaCl (approximately 5 cc. per testis). The nuxture was lightly centrifuged to remove the 
tissue particles, and the sediment reextracted with a second portion of salt solution. The com- 
bined supernatant fluids were centrifuged in a conical head (International Centrifuge Co. No. 
923) for 1 hour, at the end of which time from 75 to 90 per cent of the organisms had been sedi- 
mented as a whitish pellicle. The number of organisms in the sediment was estimated by 
counts on the suspension before and after centrifugation. The supernatant fluid was drained, 
the sediment was resuspended in salt solution to give a final concentration of 1 billion organ- 
isms per cc., and the suspension frozen at — 25°C. Over a period of 2 months, nine such sus- 
pensions totalling 140 cc. were prepared from 192 testicular chancres. Some of these suspen- 

TABLE n 

The Failure of Serum from an “Immunhed” Rabbit {42-88 of Table I) to Afect Either the 
Molility or Infecliousness of a Suspension of T. pallidum 
“Immune” serum, with or without fresh guinea pig serum as complement, was added to 
0.4 cc. of a suspension of T. pallidum containing 10® actively motile organisms per cc. 


Tube No. 

Normal 

scrum 

“Immune” 
serum, rabbit 
42-88* 

1: 10 fresh 
guinea, pig 
serum 

Proportion of 
motile organ- 
isms after 4 hrs. 
in anaerobe jar 
at37*C. 

Infectiousness of mixture on 
intradermal inoculation of 0.2 
cc. into normal rabbit 


cc. 

cc. 

cc. 



1 


0 

0 

92 

All the rabbits developed a 

2 

0 

0.4 

0 

92 

darkfield positive lesion 

3 


0.4 

0.4 

90 

in 10 days 

4 



0.4 

82 


5 

0 

0 

0 

74 



* Serum from rabbit 42-88 of Table I, drawn 37 days after beginning immunization with 
killed T. pallidum, when the serum Wassermann and flocculation dilution titers had reached 
1:48 and 1:96, respectively. 


sions were killed before freezing by the addition of merthiolate to a 1 : 1000 concentration, and 
warming to 37°C. for 1 hour. The others were kept frozen until they were no longer infectious. 
No difference was noted between the two types of suspension, and they are not distinguished 
in the text. 

In the first experiment with this material, thirteen rabbits were injected three times weekly 
to a total of sixteen injections in a period of 46 days. After the seventh injection, there was a 
rest period of 12 days before injections were resumed. The dosage per injection averaged 
0.5 cc., or 500 million organisms, and the total number of treponemata injected during the 
immunization period was 7 billion. 

As is indicated, in Table III, every animal injected developed Wassermann 
and flocculation antibodies within a period of 16 days, the flocculation titers at 
tliis time varying from 1:16 to 1:64. No signifleant increase in this titer was 
observed on prolonged immunization. Instead, in most of the animals there 
was an indication that the serologic titer had reached a maximum in the first 2 
1 
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weeks and thereafter decreased. (This was more clearly shown in tlie follow- 
ing experiment.) Three days after the last injection, a popUteal node was re- 
moved from the surviving animals, emulsified in 25 per cent serum, and injected 
into a normal rabbit to demonstrate that the suspensions used for immunization 
had actually been killed, and that the immunized animal had not been infected. 
None of the nodes proved infectious. The following day, and 4 days after the 
last immunizing injection, the animals were challenged either intradermally or 
intratesticularly witli living inocula which varied from 100,000 down to 10 or- 

TABLE III 

The Antibody Response {Wassermann and Flocculation Tests) in Thirteen Rabbits Injected 
Intravenously vcith Sedimented Suspensions of T. pallidum 

Sixteen injections totalling 7 billion organisms, over a period of 46 daj’s; rest period of 
12 days midway during immunization period. 


Time after beginning of immunization, ifayj 


Rabbit No. 

1 

16 

1 

16 

36 

i2 

49 

Wassermann Utcr* 

Flocculation titer* 

66-62 

<2 

6 

0 

16 

12 

S 

12 

66-87 

<2 

S 

0 

8 

12 

— 

8 

66-93 

<2 

12 

0 

16 

12 

Died 

— ^ 

67-03 

<2 

12 

0 

16 

Died 

_ i 

— 

67-05 

<2 

24 


64 

16 

24 

32 

67-22 

<2 

12 

H 

16 

24 

24 

i s 

67-25 

<2 

32 

0 

48 

32 

Died 

— 

67-28 

<2 

16 

0 

32 

32 

16 

16 

67-61 

<2 

— 

0 

6 

16 

8 

8 

67-70 

<2 

8 

i 

16 

— 

8 

8 

67-79 

<2 

6 

J 

8 

12 

6 

8 

67-80 

<2 

6 

0 

16 

8 

8 

S 

67-81 

<2 

24 

0 

32 

24 

8 

— 


* Technics as described in (12), pages 1 and 5. 


ganisms. As is seen in Table IV, every animal inoculated intradermally, even 
those receiving as few as 10 organisms, developed a darkfield positive primary 
lesion after incubation periods which did not significantly differ from tliose in 
a control series of normal rabbits simultaneously inoculated. In tlie same 
rabbits injected intratesticularly, inocula of 100,000 and 1,000 organisms were 
regularly infectious, but two of three animals inoculated with 10 organisms did 
not develop demonstrable involvement of tlie testis within the period of obser- 
vation (92 days). There was a suggestion also that the incubation period 
may have been prolonged in some of the animals which developed a darkfield 
positive lesion after intratesticular inoculation. 
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Experiment 6. Effects of Prolonged Immunization.— 

In the infected rabbit, resistance to reinfection becomes manifest within a few weeks, but 
increases in degree progressively and slowly. From 3 to 6 months must pass before the animal 
becomes immune to reinfection with large inocula (2, 11). Accordingly, in a second experi- 
ment rvith sedimented organisms, an average of 1 billion killed organisms was injected three 

TABLE IV 

Incubation Period on Inoculation of Rabbits loith living T. pallidum 4 Days after (he Last 

Immunizing Injection 
Rabbits of Table HI 


No. of organisms 
Inoculated 

Rabbit No. (c/. Table III) 

Xncubatloa period after 

intradermal 

moculatlon 

intratesticular 

inoculation 



days 

days 

100,000 

67-75 

17 

67 


67-70 

13 

42 


Normal controls simultaneously in- 

9, 13, 13 

21, 28, 35 


oculated 

1 


1,000 

66-62 

21 

28 


67-28 

28 

77 


67-61 

21 

35 


Controls 

21, 21, 21 

28, 28, 28 

10 

66-87 

28 

« 


67-79 

28 • 

— • 


67-80 

28 

42 


Controls 

28, 35 

42, 42, 92 


* No obvious testicular involvement for 3 months after inoculation, and testis darkfield 
negative at that time. 


times weekly for a period of 4 months, and the total number of organisms injected was 38.5 
billion. 

As seen in Table V, and as is shown graphically in Fig. 1, the serologic anti- 
body response previously noted was again observed. M aximum titers were 
again obtained within 2 weeks. Thereafter, however, the titers fell continu- 
ously, despite continuing injections at the same high level. Thus, the floccula- 
tion titer at the end of 2, 4, 6, 9, and 18 weeks averaged 28, 14, 6.5, 4.5, and 4.5, 
respectively. When 100 or 10 organisms were injected into two anim.ak intra- 
derrnally at the end of the immunization period, a syphilitic lesion developed 
within a normal incubation period {cf. Table V). As in the previous experi- 
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TABLE V 


The Antibody Response in Rabbits Immunized for 4 Months with Suspensions of T. pallidum 

Sedimented from a Testicular Emulsion 


Injections repeated three times weekly to a total of. 40 injections and 38 billion organisms 


Rabbit No. 

1 



Day No 

• 



33 

il 

6J 

136 

I'loccutation titer* 


U 

32 

16 

4 





16 

12 

2 

4 



0 

32 

12 

IJ 


1 

71-39 

1 

32 

8 

4 



70-30 

h 

16 

8 

li 

1 


71-38 

0 

32 

16 

4 

2 

8 

70-99 

1 

24 

24 

32 

16 

8 

71-07 

0 

16 

16 

2 

1 

li 

70-67 

0 

16 

8 

4 

4 


70-94 

h 

48 


— 

— 


70-97 

li 

64 


— 

— 


71-09 

1 

32 


— 

— 


71-13 

1 

32 


— 

— 


71-14 

0 

16 


— 

— 


71-42 

0 

16 

1 


1 


Average floccu- 







lation titer. . 

0.5 

28 

14 

6.5 

4.5 

4.5 


Resistance to infection with 
T. pallidum 


Site of 
inoculation 


Testis 


No. of 
orsanisms 
injected 


100 


10 


Rcsulttl 


+37 

+72 

+37 

M§ 


Skin 


100 

10 


+22 

+22 

+33 

+37 


Conclusion: No demonstrable 
resistance to infection in 4 
rabbits inoculated intra- 
dcrraally. Although 1 of 4 
rabbits inoculated intrates- 
ticularly failed to develop a 
lesion, the significance of 
tliis fact is questionable (c/. 
text). 


* Result of Eagle flocculation test, expressed as the highest dilution of serum giving a 
positive result. 

J + = darkfield positive lesion developing in the inoculated area after the incubation 
period (days) indicated in the table. These results are to be compared with the following 
results in 4 normal rabbits simultaneously inoculated: 


No, of organisms 
injected 

Incubation period in contiol rabbits inoculated into 

Skin 

Testis 


days 

days 

100 

37, 37, 33. 33 

33, 29, 33, 37 

10 

37, 54, 37, »§ 

37, 37, 37 


§ CO = No lesion at site of inoculation within period of observation. However, lymph 
nodes from rabbit 71-39 removed 110 days after inoculation proved infectious for normal 
rabbits, indicative of an asymptomatic infection. 


ment, however, there was a suggestion of resistance in animals inoculated 
intratesticularly. Although two rabbits inoculated with 100 organisms both 





































dilution titer of eagle flocculation test 
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developed a chancre, the incubation period was prolonged in one of the two. 
Of two other rabbits inoculated with 10 organisms, one failed to develop a 
lesion. A popliteal lymph node transferred to a normal animal 110 days after 
the original inoculation proved infectious, indicating that the animal had under- 
gone an asymptomatic infection. Despite these suggestions of an altered re- 
sponse, it is nevertheless clear that no significant degree of immunity had 
developed in these animals under the impact of relatively large numbers of 
dead organisms. 



TIME IN DAYS AFTER BEGINNING OF IMMUNIZATION WITH T. PALLIDUM 

Fig. 1. The antibody response (Wassermann and flocculation reagin) in rabbits immunized 
by the intravenous injection of killed T. pallidum (after data of Table V). 


As is indicated in Table VI, the serum from one of these rabbits, obtained 
midway in the immunization period, 63 days after the first injection, had only a 
questionable direct effect on pathogenic T. pallidum. The serum, either whole 
or diluted 1 ; 10, was incubated with an equal volume of a chancre emulsion con- 
taining 10®, 10®, 10‘, or 10® organisms per cc., and 0.2 cc. of each mixture, repre- 
senting inocula of 10®, 10®, 10®, or 10 treponemata, was then injected into normal 
rabbits intradermally or intratesticularly. The three larger inocula caused the 
appearance of typical darkfield positive chancres within a normal incubation 
period. However, the suspension containing the smallest number of organ- 
isms proved non-infectioiis on intratesticular inoculation into two rabbits, this 
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despite the fact that one to two treponemata have been shown to be regularly 
infectious for rabbits on intratesticular inoculation (10). When the same sus- 
pension was similarly incubated with normal serum and inoculated, typical 
chancres developed in 28 to 35 days. The significance of this observation is 
nevertheless open to question. When 1 ; 10 serum was used instead of whole 
serum, the “immune” and normal sera had the same effect; in each instance one 
of two rabbits inoculated developed a cliancre. 

TABLE VI 

The EJfect in Vitro of Scrum from an "Immunized" Animal on the Virulence of T. pallidum 
Serum from rabbit 70-08, obtained midway in immunization period, 63 days after the 
first injection (c/ . Table V), was added to an equal volume of freshly prepared chancre extract 
diluted with 25 per cent rabbit serum to contain 10®, 10®, 10^, and 10- treponemata per cc. 
After 1 hour at 37°C., 0.2 cc. of each mixture was injected both intradermally and intra- 
testicularly into a normal rabbit. A fresh normal rabbit scrum was simultaneously tested; 
and both the “immune” and normal serum were tested as botli whole serum and in a 1:10 
dilution. 


No. of organisms inoculated after incubation with 
scrum for 1 hr. at 37®C 

10» 

10‘ 

10» 

10 



Concentration of 
scrum incubated with 
treponemata 

Type of serum used 

Incubation period on inoculation of mixture into 

Skin 

TesU’s 

Skin 

Testis 

S 

CO 

Testis 

.s 

CO 

Testis 



rfoyi 


jdjyj 

days 

djyr 

days 

days 

days 

Whole serum 

Antiserum 

14 


14 

49 

21 

28 

00* 

CO 


Normal serum control 

14 


14 

21 

21 

35 

28 

35 

1:10 

Antiserum 

14 

43 

21 

21 

21 

35 

CO 

49 


Normal serum control 

14 

21 

21 

21 

28 

35 

CO 

49 


* No lesion developed during period of observation (85 days). 


Experiments 7 and 8. The Imnmnization of Rabbit with Killed T. pallidum 
Suspended in a Water-in-Oil Emulsion . — 

Freund and his coworkers (8) and others (13, 14) have shown that the antigenic activity 
of bacteria is often considerably enhanced if they are suspended in the aqueous phase of 
a water-in-oil emulsion. This was produced by mixing an aqueous suspension of the organ- 
isms first in lanolin (or falba) and then emulsifying the mixture in c.g. mineral oil. They fur- 
ther showed that the incorporation of killed tubercle bacilli in the oil phase of such emulsions 
enhanced the sensitizing activity of the suspension. 

A series of treponematal suspensions was therefore prepared in which extracts of rabbits’ 
syphilitic testes, or the organisms sedimented from such extracts, were emulsified in anhydrous 
lanolin and then in mineral oil to form suspensions containing from 47 to 370 million organisms 
per cc. Rabbits were injected subcutaneously with varying amounts of these emulsions as 
indicated in the footnote to Table VII. At varying periods thereafter, specimens of blood 
were obtained by cardiac puncture, and their Wassermann and flocculation titers determined. 
In only one rabbit of the five (rabbit 60-66 injected with suspension E) was there a significant 






















TABLE Vn 

Th. Incubation Period of Syphilis in Five Rabbits Immunhd with Killed T. paHidum. 
The Incubation renoa Mer-in-Oil Emulsion 


Suspension used for 
immunization* 


B 

C 

D 

E 


Normal controls 


Syphilitic controls 


1 

2 


3 


Incubation 
period after 
moculation 

100 organ* 
[sms, 28 days 
after last in- 
iection 

Incubation 
period on intta- 
dermal inocula- 1 
tloD, 53 days 
after last^ 
injection^ with 

Results in intradennal inoculation mth 2 X 10* 

organisms, 66 days after last injection 



1 

1 

a 1 

Live organisms 

Dead organisms 

II 

1 


a 

1 



Skin 1 

'estis 


to 

to ll 

Incu- 

Size of 






o 

bation 1 

lesion at 




o 

o 

O jl 

period 

that time 

. 

- 





days 

min. 


?0 

35 

8 

8 

13 

2 

5X5 

3 X3mm.in24hrs. 





1 



5 X 5mm.in48hrs. 








0 in 72 hrs. 

17 

45 

8 

14 

13 

2 

Minute 

0 

14 

39 

23 

20 

14 

7 

3X6 

0 

20 

48 

8 

14 

14 
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• One part of a treponematal suspension (either a direct extract of syph^tic testes, or Ae 
sedimented organisms from such an extract, resuspended in salt solution) was mixe wi 
I to 1.S parts of anhydrous lanoUn, and the p^te then stirred into 1 to 1.5 volumes of nnneral 


Suspension 
used for 
immunization 

Final concentraUon of i 

7. pallidum 

Final concentration of tubercle 
bacilli 

Total No. of treponemata 
Injected X 10* 


1 No. per cc. X 10* 

mi./cc. 


A. ' 

47 

\ 0 

132 

B 


0.6 

132 + tubercle bacilli 

c 

1 200 

1.0 

560 + tubercle bacilli 

D 

1 370 

0 

1040 

E 

1 370 

1.75 

lOiO + tubercle bacilli 


From 0.8 to 1 cc. of each suspension was injected subcutaneously three times at 6 day 
intervals. 

t rVnimal died. 

5 No lesion had developed in this time at the site of inoculation, but the expressed inter- 
stitial fluid contained actively motile organisms. 
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increase in antibody reactive with alcoholic tissue extracts, the Eagle flocculation titers on 
days 1, 6 , 13, 23, 27, and 37 being 1 }, 4, 4, 8, 12, and 8, respectively. 

Forty-one days after the first immunizing injection, and 28 days after the 
last, the rabbits were inoculated intradermally and intratesticularly with 100 
living organisms. Every immunized animal developed darkfield positive le-' 
sions. ' The incubation periods at the intratesticular sites did not differ signifi- 
cantly from tliose in control normal animals. There was, however, an indica- 
tion tliat at the intradermal sites, the incubation period had perhaps been 
decreased. In tlie five immunized animals, the incubation period varied from 
14 to 20 days, averaging 17 ; while in five control rabbits simultaneously inocu- 
lated, the incubation periods were 27, 38, and 45, and more tlian 55 days in the 
remaining two. 

In order to retest this apparent increase in skin reactivity, 24 days after the 
first inoculation the same animals were reinoculated intradermally at tliree 
different sites witli 10®, 10^, and 10® organisms. The incubation periods after 
these varying inocula are indicated in section 2 of Table VII. The incubation 
periods at the sites receiving large inocula did not differ significantly from tliose 
in control syphilitic rabbits. In tlie sites receiving a small inoculum, however, 
there was again a definite indication of a reduced incubation period, the ob- 
served period varying only between 13 and 14 days in the “immunized” animals 
as against 23 to 27 days in the control animals. 

Furtlier to test this apparent increase in sensitivity, 66 days after tlie last 
injection of tlie killed organisms, and 38 days after the first inoculation with 
living treponemata, fresh skin areas ivere injected witli 2 million killed and live 
organisms. A third site in eacli rabbit was injected witli a similarly prepared 
control extract of normal rabbit testes. Normal and syphilitic control animals 
were simultaneously injected. The results are summarized in section 3 of 
Table VII. The normal testis extract produced no reaction in any of tlie ani- 
nals. In one of the five immunized animals, but none of tlie controls, tlie killed 
organisms caused a significant erytlieniatous reaction within 24 hours, which 
readied a peak in 48 hours, and had disappeared after 72 hours. The live 
organisms produced a darkfield positive lesion in 2 to 7 days, averaging 4, in 
the immunized animals, and in 2 to 10 days, averaging 6, in tlie control series. 

In summary, the immunization of rabbits witli killed T. pallidum suspended 
in water-in-oil emulsions after Freund, witli or witliout the simultaneous injec- 
tion of an adjuvant antigen (killed tubercle bacilli), did not cause the develop- 
ment of demonstrable resistance to infection witli T. pallidum. There was, 
however, an indication that sudi immunization may perhaps have sensitized 
some of the rabbits to T. pallidum. The incubation period on intradermal 
inoculation with live organisms was decreased, and one of the five e.\'periniental 
rabbits developed an erythematous wheal 24 hours after the injection of a 
heat-killed suspension of the organisms. 
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DISCUSSION 

Every one of thirty-seven rabbits injected intravenously with a total of 4.4 
to 38 billion T. pallidum in aqueous suspension developed positive Wassermann 
or flocculation tests (complement fixation and precipitation with alcoholic ex- 
tracts of beef heart) in significantly increased titer. The dilution titers of these 
tests in the normal serum controls varied from 0 to li4, averaging less than 
1 ; 2 ; the titers in the immunized series rose to as high as 1 : 96. This antibody 
response reached its maximum levels within 2 to 3 weeks, and thereafter either 
remained constant during the period of immunization or, in two experiments 
involving the continuing injection of large numbers of organisms, fell steadily 
in the course of the following 6 to 7 weeks. 

The organisms used in these experiments were derived from rabbit testicular 
chancres, and the suspensions of necessity contained tissue extractives. The 
present experiments therefore do not constitute a rigorous demonstration that 
Wassermann and flocculation reagin is a specific antibody to T. pallidum. 
The possibility remains that the tissue extractives contain a haptene activated 
by the treponematal protein to form a complete antigen. However, there are 
two aspects of the present experiments which make that explanation unlikely. 
The first is the demonstration that control animals injected with extracts of 
normal testes, either with or without the addition of non-pathogenic Reiter 
spirochetes, failed to develop these antibodies. One would therefore have to 
assume either that pathogenic T. pallidum differs qualitatively from the culti- 
vated organisms in its ability to activate the tissue haptene to a complete 
antigen, or that the syphilitic testes contained a haptenic substituent not pres- 
ent in normal tissue. The second point is the present demonstration that sedi- 
mented organisms containing relatively small amounts of tissue extractives were 
just as antigenic as the crude chancre emulsion from which they had been con- 
centrated. The simplest explanation of the present data is that Wassermann 
or flocculation reactivity induced by the injection of these organisms, and pre- 
sumably also the similar “reagin” elaborated during syphilitic infection, repre- 
sent an antibody response to pathogenic T. pallidum. This was the thesis 
originally postulated by Wassermann when he developed the complement fixa- 
tion test for syphilis which bears his name, and which was apparently negated 
by the subsequent demonstration that alcoholic extracts of normal mammalian 
tissue could be used as antigen. One need only assume that the treponemata 
and the mammalian tissues contain an immunologically related antigen. The 
final demonstration of that fact must await either the cultivation of the patho- 
genic organism, or the preparation of suspensions sufficiently concentrated or 
sufficiently free from tissue extractives to warrant their chemical fractionation 
or their use in cross-absorption experiments. Attempts in this direction are 
now in progress. 

Paradoxically, the “immunized” rabbits in the present series did not regu- 
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larly develop a significant resistance to infection. Intradermal inoculation, in 
some e.xperiments with as few as 10 treponemata, regularly resulted in a typical 
darkfield positive primary lesion at the site of inoculation, whether the animals 
had been immunized with totals of 30 million organisms intradermally, 537 
million organisms subcutaneously, 4.4 to 38 billion organisms intravenously, or 
130 to 1040 million organisms in a water-in-oil emulsion, administered over 
periods which varied from 13 days to 4 months. Recently, Magnuson, Halbert, 
and Rosenau (15) have also reported failure to produce a significant measure of 
resistance to infection by tlie injection of pathogenic T. pallidum suspended in 
oil-in-water emulsions of the type here used. 

Three of five immunized rabbits which were challenged by the intratesticular 
inoculation of ten organisms failed to develop a primary lesion, while every one 
of five simultaneously inoculated controls was infected. In the one such animal 
tested, there had been an asymptomatic infection, the organisms having dis- 
seminated without producing a primary lesion at the site of inoculation. The 
significance of this observation, in the light of the results after intradermal 
inoculation, is open to question. The at best small measure of resistance to 
infection in these artificially immunized rabbits contrasts sharply with the fact 
that in the course of an actual infection the animals develop a solid immunity, 
to the degree that after they have been cured, inocula of many million organ- 
isms fail to produce even an asymptomatic second infection. Equally paradoxi- 
cal, and perhaps related to the foregoing, is the fact that the immunized animals, 
while developing antibodies to a non-specific antigen (alcoholic extract of beef 
heart), failed to develop antibodies directly active against the treponematal 
suspension itself. The organisms were not specifically agglutinated, the sera 
did not give specific complement fixation with the treponematal suspensions, 
and as few as ten living organisms incubated for 1 hour with a high titered 
(Wassermann and flocculation) serum from an immunized animal, retained 
their infectiousness on inoculation into a normal animal. It is possible that the 
rabbits had been overimmunized, and were in a “negative phase” at the time 
they were tested for resistance to infection, or at the time their sera were tested 
for direct antitreponematal reactivity. There is the further possibility that 
the surface of the organisms contains a relatively noii-antigenic material, and 
that the most effective antigen is intracellular. This might explain the devel- 
opment of serum antibodies which cross-react in high titer with non-specific 
antigens, despite the absence of reactivity (specific agglutination, complement 
fixation, lysis, or protection) with intact T. ^pallidum. However, this would 
not explain the pronounced immunity which develops in the course of actual 
syphilitic infection, but not in rabbits immunized with killed organisms. The 
final, if unlikely, possibility is that in none of the animals was there an antibody 
response to the treponemata as such, and that the Wassermann reagin was an 
antibody response to the small amounts of tissue extractives present in the 
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treponematal suspension. Under ordinary circumstances, those rabbit ex- 
tractives are non-antigenic for rabbits, even if injected simultaneously with 
cultured treponemata. The pathogenic organisms may nevertheless possess 
a unique ability to activate the homologous tissue haptene to a complete 
antigen. 

Of particular interest is the fact that in one series of animals, injected with 
organisms suspended in a water-in-oU emulsion, there was a suggestion that 
some of the rabbits may have been sensitized to the treponemata by the preced- 
ing immunization. The incubation period on intradermal inoculation with 
gmall numbers of organisms was decreased, and one of five rabbits reacted to 
the intradermal injection of killed organisms. The possible relationship of this 
observation to the late manifestations of the disease, in which relatively small 
numbers of organisms produce a disproportionately large tissue reaction, is 
apparent. 

SUMMARY 

The intravenous injection into rabbits of suspensions of dead T. pallidum 
derived from rabbit testicular chancres regularly caused the appearance of 
Wassermann and flocculation antibodies in significantly increased titer. Con- 
trol suspensions of cultured treponemes (Reiter strain) added to extracts of 
normal testes were ineffective. This suggests that the Wassermann and floc- 
culation reagin elaborated during syphilitic infection may be an antibody 
to T. fallidtim which happens to cross-react with alcoholic extracts of 
mammalian tissue. 

The antisera did not cause the agglutination of suspensions of pathogenic T. 
pallidum, living or dead, did not give specific complement fixation with those 
suspensions, and did not usually cause the living treponemata to lose their in- 
fectiousness. 

Animals immunized with such aqueous suspensions for as long as 4 months, 
or with organisms suspended in a water-in-oil emulsion, were not demonstrably 
resistant to infection. As few as ten living organisms inoculated intradermally 
into animals “immunized” with as many as 38 billion dead treponemata 
regularly produced typical darkfield positive infections; and two of five animals 
inoculated intratesticularly with ten organisms were also infected. 

The contradiction involved in the production of antibodies cross-reacting 
with a non-specific antigen, and the non-appearance of specific antibodies 
against the organism used as antigen, is discussed in the text. 
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• 

That certain polysaccharides, either of bacterial or non-bacterial origin, 
can modify the course of infection with pneumonia virus of mice (PVM) and 
inb ihit multiplication of the virus in the mouse lung was demonstrated re- 
cently by Horsfall and McCarty (1). Very small amounts of polysaccharide, 
indeed but a few micrograms, if given by the intranasal route, cause striking 
inhibitory effects when injected either some days before or after inoculation of 
the virus. Green and Woolley (2) have shown that the multiplication of 
influenza A virus (PR8) in the allantoic sac of the chick embryo is inhibited 
as a result of the injection of apple pectin. Relatively large amounts of pectin, 
25 to 50 mg., if given intra-allantoically, were found to be effective when in- 
jected either hour before or 1 hour after inoculation of the virus. In a 
preliminary communication Ginsberg, Goebel, and Horsfall (3) recently re- 
ported that the capsular polysaccharide of Friedlander bacillus type B inhibits 
the multiplication of mumps virus in the allantoic sac of the chick embryo. 

There are only a few prior reports which deal with the effect of polysaccharides on 
viruses or infections induced by these agents. Armstrong (4) demonstrated that after 
the intranasal injection of certain bacteria mice were less susceptible to intranasal 
inoculation with either St. Louis encephalitis virus or influenza A virus. In retro- 
spect, it appears possible that this effect may have been due to a polysaccharide be- 
cause the active component was present in sterile culture filtrates and withstood 
heating at 74°C. for 45 minutes. Levine and Frisch (5) found that certain bacterial 
extracts are capable of inhibiting the activity of bacteriophage strains which have the 
capacity to cause lysis of the parent bacterium. Subsequently, Burnet (6) con- 
firmed and e.xtendcd these observations, and Gough and Burnet (7) showed the phage- 
inactivating substance present in bacterial c.xtracts to be a polysaccharide. Johnson 
(8) described the inactivation of tobacco mosaic and several other plant viruses by 
extracts of Acrohacter aerogeiies as well as a variety of other microorganisms. Taka- 
hashi (9) obtained from yeast extract a polysaccharide which has the capacity to 
inactivate tobacco mosaic virus. 

Our present interest in the inhibition of viral multiplication by means of 
polysaccharides derives from the idea that information concerning substances 
which block multiplication may provide clues to the nature of the unknown 
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substances in protoplasm which are essential for the multiplication of viruses. 
When it was found that a polysaccharide which is strikingly effective in block- 
ing the multiplication of PVM in the mouse lung (1) is also capable of inhibiting 
the multiplication of mumps virus in the chick embryo (3), a detailed study of 
the phenomenon was undertaken. The results of this investigation form the 
subject of this report and tliat which accompanies it (10). 

In the present communication it will be shown that capsular polysaccharides 
derived from type-specific strains of Friedliinder bacilli cause a decrease in the 
susceptibility of the chick embryo to infection with mumps virus and, even in 
very small amounts, are effpctive as inhibitors of multiplication of the virus in 
this species. It will also be demonstrated that inhibition of mumps virus 
multiplication results when the appropriate polysaccharide is given before, or 
as late as 4 days after, inoculation of virus; that polysaccharides injected 
either into the allantoic or yolk sac inhibit multiplication of virus in the allantoic 
sac. In contrast, it wiU be shown that the multiplication of influenza A and 
influenza B, as well as Newcastle disease viruses is not inhibited by the polysac- 
charide which is active with respect to mumps virus and PV^I. In addition, 
evidence will be presented which indicates that the specific serological properties 
of active polysaccharides are probably dependent upon certain chemical 
groupings distinct from those which mediate inhibition of viral multiplication. 
Evidence will be presented to show that the virus per se is not demonstrably 
inactivated by polysaccharide. 

Materials and Methods 

Viruses . — ^The following viruses were employed: mumps, influenza A, influenza B, and 
Newcastle disease. Mumps virus (MV) was obtained from Dr. Karl Habel, The National 
Institute of Health, Bethesda, Maryland, who had adapted it to mulUplication in the allantoic 
sac of the chick embryo. As routine, the virus was cultivated in the allantoic sac of 7 to 9 
day old embryos which after inoculation were incubated at 35°C. for 6 days. Thereafter, 
the infected embryos were chilled at 4'’C. overnight, and the allantoic fluid removed. 

The PR8 strain (11) of influenza A virus (lAV) and the Lee strain (12) of influenza B virus 
(IBV) were used. Both these strains have been passed many times through chick embryos 
and mice. Newcastle disease virus (NDV) was obtained from Dr. F. R. Beaudette, New 
Jersey Agricultural Experiment Station, New Brunswick, New Jersey. Each of these 3 
viruses was cultivated in the allantoic sac of 9 to 11 day old embryos which after inoculation 
were incubated at 35°C. for 48 hours. Infected allantoic fluids were harvested after pre- 
liminary chilling, as with mumps virus. Between experiments each of the viruses employed 
was stored in a solid carbon dioxide cabinet at — 70°C. (13). It was found that the addition 
of nine parts of sterile normal horse serum (previously heated at 56°C. for 30 minutes) to one 
part of infected allantoic fluid protected virus infectivity, and permitted storage of each of 
the agents employed at — 70°C. in cellulose nitrate tubes for long periods without loss of titer. 

Ctiist: Embryos . — Fertile White Leghorn eggs were incubated at 39°C. for 7 to 11 days 
before inoculation depending upon tire virus employed. All embryos used in a given e-xperi- 
ment were of the same age, and the eggs containing them were received in the laboratory on 
the same date. 
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Virus Infecimly Titrations . — Serial tenfold dilutions of infected allantoic fluid were made 
in sterile broth containing 10 per cent normal horse serum. A volume of 0.1 cc. of the desired 
dilution of virus was inoculated through a small drill hole in the egg shell directly over the 
allantoic sac in a region where the blood vessels could be avoided. At least 4 embryos were 
inoculated with each virus dilution and a minimum of 16 embryos was employed in each titra- 
tion.' After inoculation embryos were incubated at 35°C. In the case of mumps virus the 
period of incubation was 6 days; with influenza A, influenza B, and Newcastle disease viruses 
this period was 2 days. In all instances allantoic fluid was withdrawn after chilling of the 
eggs. Each allantoic fluid was tested for its capadty to cause agglutination of chicken 
erythrocytes. Virus titration end points (EJ.SO) were calculated by the 50 per cent end 
point method of Reed and Muench (14). 

Virus Hemasglulination Titrations.— Sanai twofold dilutions of infected allantoic fluids 
were made in 0.85 per cent NaCl solution buffered at pH 7.2 (0.025 u phosphate). To 0.4 
cc. of each dilution was added 0.4 cc. of a 1.0 per cent suspension of washed chicken erythro- 
cytes. Readings were made after the tubes had stood 1 hour at room temperature. The 
end point was taken as the highest dilution at which definite (2-^) agglutination of the red 
blood cells occurred. 

Polysaccharide Preparations. — The following bacterial polysaccharides were employed; 
(1) capsular polysaccharides of Friedlander bacillus type A (Fr.A), type B (Fr.B), and type 
C (Fr. C), respectively (15, 16); (2) capsular polysaccharide of pneumococcus t)fpe H; (3) 
capsular polysaccharide of pneumococcus type HI; (4) capsular polysaccharide of strepto- 
coccus MG (17) ; (5) levan synthesized from sucrose in vitro by the action of cell-free enzyme 
derived from Streptococcus salivarius type H (18); (6) dextran synthesized from sucrose in 
vitro by the action of cell-free enzyme derived from Leuconostoc mesenteroides (19). The follow- 
ing polysaccharide preparations of non-bacterial origin also were used: (1) blood group A 
substance; (2) apple pectin; (3) commercial com starch. Before injection in the chick embryo 
each polysaccharide was dissolved in saline and heated at 70°C. for 30 minutes. In addition, 
the capsular polysaccharide of Friedlander bacillus type B was autoclaved during the course 
of preparation at 15 pounds’ pressure for 20 minutes. 

Immune Serum . — Rabbits were hyperimmunized by repeated intravenous injection of 
formalinized Friedlander bacillus type B vacdne. Immune serum was obtained 8 days after 
the last injection. 

Precipitin Tests . — ^The presence of the capsular polysaccharide of Friedlander bacillus type 
B (Fr.B) was determined by the capillary precipitin technique (20) with specific immune 
rabbit serum. This procedure is of sufficient sensitivity to detect the polysaccharide in a 
concentration of the order of 1 pg. per cc. In order to determine accurately the extent of the 
serological activity of various solutions containing the degradation products of Fr.B, a tur- 
bidimctric measurement of the quantity of precipitate developed upon reaction with immune 
rabbit scrum was employed (21). 


EXEERBEENTAL 

I. Reproducibilily of Hemagglulinatioii Tilralion End Points with Mumps 
Virus. ^Levens and Enders (22) demonstrated that mumps virus causes ag- 
glutination of chicken erythrocytes. As is shown below, the hemagglutination 
technique can be used to measure the concentration of virus in infected allantoic 
fluid. In order to assess accurately the significance of differences in hemag- 
glutination titers in various experiments, it was necessary to determine the 
reproducibility of such titers under relatively constant conditions. Individual 
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pools of allantoic fluids infected with mumps virus (MV), stored at — 70°C. 
as described above, gave relatively constant virus infectivity titration end 
points (E.I.50) in the chick embryo. With different preparations the E.I.50 
ranged between 10“® and 10~^. The hemagglutination titration end points 
obtained with allantoic fluids from 33 groups of 4 chick embryos inoculated 
intra-allantoically with 10^ embryo infectious doses (E.I.D.) of mumps virus 
were tabulated, and the reproducibility of the end point was determined in the 
usual manner (23), In Table I the essential data and the results of the ap- 
propriate computations are presented, ' It should be pointed out that dilutions 
of 3 different pools of infected allantoic fluid were employed as the inocula in 
these experiments. The observed variation in end points obtained with each 
pool used as inoculum was considerably smaller than that noted when all end 

TABLE I 


Reproducibility of Hemagglutination Titration End Points with Allantoic Fluids from 
Chick Embryos Infected with Mumps Virus 


Preparations 
of inocula 
employed 

No. of groups 
of embryos* 
inoculated with 
100 E.I.D.f 
intra-aiiantoi- 
eally ^ 

HemagRlutination titer of 
allantoic fluids§ 

Log 

Deviation 

Standard 

deviation 

From geometric mean 

Log 

No. 

Lowest 

Highest 

Geo- 

metric 

mean 

Least 

Great- 

est 

Mean 

9 

3 

33 

-1.20 

(l:16) 

-2.76 

(1:576) 

-2.12 

(1:132) 

-fO.Ol 

-0.92 

±0.26 

(1.8-fold) 

0.342 

(2.2-fold) 


* 4 chick embryos per group. • 

t E.I.D = embryo infectious doses. 

§ Allantoic fluids obtained 6 days after inoculation; infected embryos were incubated at 
35°C. 

points obtained with the 3 inocula were considered. It will be noted that the 
mean deviation of the hemagglutination titration end points for the entire 
series is log ±0.26, and that the standard deviation of the distribution of the 
end points is 0.342. It can be shown that with any two individual end points, 
determined in the manner described above, a difference of 0.97 log unit should 
occur by chance only once in 20 times. In a single experiment the probability 
that a difference of this magnitude between two end points is significant is 
much greater. Throughout this paper a difference of 1.0 log unit between 
end points obtained with 2 groups of 4 embryos each will be considered as 
significant. 

II. Hemagglulittalion as a Measure of Mumps Virus Concentralion . — Habel 
(24) showed that mumps virus is infectious for the chick embryo, and can be 
cultivated in the allantoic sac as well as in the amniotic or yolk sacs. Beve- 
ridge and Lind (25) found that the hemagglutination titer of allantoic and 
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amniotic fluids infected with mumps virus was directly related to the comple- 
ment-fixing titer of such fluids, and concluded that the hemagglutination titer 
was a function of virus concentration. However, Henle ei al. (26) have shown 
that embryos infected with mumps vurus elaborate a soluble antigen distinct 
from the virus per se, which, like the virus, is capable of fixing complement in 
the presence of specific antibodies. In the light of these findings it seemed 
necessary to determine by as direct means as possible the relationship between 
hemagglutination and virus titers. This problem was investigated in two 
difierent ways: (1) the rate of multiplication of the virus and the rate of in- 
crease in hemagglutination titer were determined and correlated; and (2) the 
effect of high gravitational fields upon both the virus titer and the hemag- 
glutination titer was measured. 

The rate of multiplicadon of mumps virus in the allantoic sac was studied in the following 
manner: In each experiment a number of chick embryos, 8 or 9 days of age, were inoculated 
intra-allantoically with 0.1 cc. of a ICH dilution of mumps virus (10^ E.I.D.). Each day 
thereafter allantoic fluid was removed from at least 4 embryos which then were discarded. 
The hemagglutination titer of each fluid was determined. In certain experiments pools 
were prepared contaiiung equal volumes of allantoic fluid from each of a given group of 
embryos. Both the infectivity and hemagglutination titers of such pools were determined 
as described above. 

The results of these experiments are presented graphically in Fig. 1 in which 
both the hemagglutination and infectivity titers of the allantoic fluid are 
plotted against time after inoculation with mumps virus. In Fig. 1 B the 
hemagglutination titers obtained in four separate, experiments are shown. It 
is evident that during the first 3 days after inoculation the presence of virus 
was not demonstrable by means of the hemagglutination technique. After the 
3rd day there was a rapid increase in titer which reached maximal levels on 
the 6th day. In Fig. 1 A both the infectivity and the hemagglutination titers 
obtained simultaneously in one experiment are shown. It will be seen that 
the rate of increase in the concentration of virus as determined by infectivity 
titrations paralleled the rate of increase in hemagglutination titer. When the 
experimental error of both titration techniques is taken into account, it can 
be shown that there is no significant difference between the two curves shown 
in Fig. 1 ^1. It appears from these results that virus and hemagglutination 
titers increase with time after inoculation of mumps virus into the allantoic 
sac in closely similar manners. Moreover, it appears that virus titers (E.I.50) 
of the order of or higher are necessary before hemagglutination is demon- 

strable with mumps virus. Additional evidence on this point is presented 
below (c/. Tables 11 and VI). 

The effect of high gravitational fields upon botlr the virus and hemagglutination titers of 
infected allantoic fluid was determined in the following manner: .Allantoic fluids from infected 
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embryos were pooled, and the vims infectivity titer was immediately determined. The pooled 
duid was then centrifuged at 15,000 for 30 minutes in a high speed vacuum apparatus 
(27). The centrifuge head was similar to that previously described (28) but was almost twice 
as large; the diameter == 30.1 cm. After centrifugation the supemate was decanted carefully 
and the sediment resuspended in a quantity of broth equal to the original volume. Virus 
infectivity titrations were then carried out with the supemate and the resuspended sediment 



FiG.'fl .4. Comparison of infectivity and hemagglutiraiion titers of pools of allantoic 
fluids obtained from chick embryos in a single experiment at intervals after inoculation with 
mumps virus. Groups of 4 embryos were given 1,000 E.I.D. intra-allantoically. 

Fig. 1 B. Hemagglutination titers of allantoic fluids obtained from chick embryos at 
intervals after intra-allantoic inoculation with 1,000 E.I.D. of mumps virus. Each end 
point represents the mean titer of at least 4 allantoic flinds. 

Hemagglutination titrations, in duplicate, were performed with the uncentrifuged pool, 
supemate, and resuspended sediment. 

The results of this experiment are shown in Table II. Both the virus and 
hemagglutination titers of the supemate were markedly lower than the cor- 
responding titers obtained with the uncentrifuged pool. Conversely, both 
titers of the resuspended sediment were closely similar to those of the uncentri- 
fuged pool. These results indicate that within the limits of the e-xperimental 
techniques employed the effect of high gravitational fields upon both virus 
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and hemagglutination titers was similar if not identical. Beca.use sedimenta- 
tion of the virus was accompanied by proportional sedimentation of the com- 
ponent responsible for hemagglutination, it is evident that the two were not 
separable by gravitational force under the conditions of the experiment. This 
indicates that the property of infectiousness and the capacity to cause hemag- 
glutination are associated with particles which, if not identical, are closely 


TABLE n 

Eject of High Speed Centrifugation on Infectkity and Hemagglutination Titers of Mumps 

Virus 


Slumps virus 

Hemagglutina- 
tion titer* 

Infectivity titration 

Pooled allantoic fluids 

Dilution of 
material 
inoculated ^ 
intTa-allantoi- 
cally 

Infectivity 

scoret 

Virus titration 
end 

point £.I.50§ 
Log 

Before centrifugation 

512 

10-^ 

4/4 




lO-* 

4/4 



1 

10-' 

3/4 

-7.33 



10-» 

0/4 


Supemate after centrifugation at 

4 

10-* 

4/4 


15,000 E.p.it. for 30 min. 


10-’ 

3/3 




10-< 

4/4 

-4.67 



lO-s 

1/4 




10-' 

0/4 


Sediment resuspended in original 

512 

10-‘ 

4/4 


volume 


10-‘ 

4/4 




10^ 

3/4 

-6.50 



10-» 

1/4 




10-» 

0/4 



* Expressed as the reciprocal. 

t Numerator = number of allantoic fluids which caused hemagglutination. Denomina- 
tor = number chick embryos inoculated. 

§ E.I.SO = SO per cent embryo infectivity end point. 

similar in size and density. These results, as well as those dealing with the 
rate of increase in virus and hemagglutination titers, strongly suggest that 
mumps virus hemagglutination is caused by the virus particle itself and that 
the hemagglutination technique may indeed be used to measure virus concentra- 
tion. It will be recalled that similar evidence has been obtained with influenza 
virus (29) and PVIM (30). 

In several experiments amniotic fluids, as well as 10 per cent suspensions of 
ground embryos which had been inoculated intra-allantoically, were tested for 
hemagglutination. In every instance virus could not be demonstrated by the 
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hemagglutination technique despite the fact that high titers were obtained 
with the allantoic fluids. Moreover, a virus infectivity titration carried out 
with an amniotic fluid pool yielded a titer of only 10“^ These results sug- 
gest that the chief site of multiplication of mumps virus after inoculation into 
the allantoic sac is the allantoic membrane, 

III. Ejfccl of Capsular Polysaccharide of Friedldiidcr Bacillus Type B on the 
Sitsceplibilily of Chick Embryos to Infection with Mumps Virus. — The results of 
preliminary experiments (3) indicated that the injection of capsular polysac- 
charide of Friedlander bacillus t3q)e B (Fr.B) caused inhibition of multiplication 
of mumps virus when as much as 10' E.I.D, was inoculated in the allantoic 
sac. Experiments were carried out to determine the extent to which the injec- 
tion of Fr.B modified the susceptibility of the chick embryo to infection with 
mumps virus. 

Each of a number of embryos was injected intra-allantoically with 1 mg. of Fr.B dissolved 
in 0.1 cc. of saline. Other embryos, which served as controls, were given 0.1 cc. of saline by 
the same route. After an interval of 3 hours groups of 4 embryos each were inoculated intra- 
allantoically with mumps virus in dilutions from 10^ to 10“'. In certain experiments the 
order of the injections was reversed and dilutions of virus were given 3 hours before the poly- 
saccharide. Allantoic fluid was obtained from each embryo 6 days after inoculation and the 
hemagglutination titer determined. The virus titration end point was calculated as described 
above. 

For purposes of clarity the results of one such experiment are presented in 
detail in Table III. It will be noted tliat, even though mumps virus was in- 
oculated into the allantoic sac 3 hours before polysaccharide was given, the 
virus titration end point (10~^-“) was strikingly lower than that obtained in 
control embryos It is also evident that the mean hemagglutination 

titer of allantoic fluids from each group of embryos which had received Fr,B 
polysaccharide was significantly lower than that of comparable controls. In 
many instances fluids from the former embryos failed to cause demonstrable 
hemagglutination. That the low hemagglutination titers observed were not 
attributable merely to the presence of polysaccharide in the allantoic fluids is 
evident from the findings presented in tlie accompanying paper (10) ; concentra- 
tions of Fr.B 10 times greater than those employed in this study did not lower 
the hemagglutination titer of mumps virus even when mixtures were held at 
3S°C. for as long as 48 hours. 

In Table IV the results of such experiments are presented in summary form. 
In each instance the virus titration end point was definitely lower when deter- 
mined in embryos which had been injected with Fr.B. The geometric mean 
of the differences between the titration end points obtained in control embryos 
and in those which were given polysaccharide is log —2.00. This indicates 
that 100 times more virus was required to initiate infection in Fr.B-treated 
embryos than in controls; that the susceptibility of such embryos to infection 
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with, mumps virus was 100 times less than that of the controls. It is of interest 
to note that the effect of polysaccharide on susceptibility was equally as striking 
whether it was injected 3 hours before or after inoculation of virus. 

The results of hemagglutination titrations carried out on allantoic fluids ob- 
tained from control and polysaccharide-treated embryos inoculated with 
varying amounts of mumps virus are shown in Table V. When amounts of 
virus from 10 to 10^ E.I.D, were inoculated into embryos which had been given 
1.0 mg. of Fr.B 3 hours previously, the hemagglutination titers obtained were 
in each instance significantly lower than those found with comparable control 
embryos. Only when as much as 10® E.I.D. of virus was given were similar 
titers obtained with allantoic fluids from polysaccharide-treated and control 

TABLE III 


Results of a Titration of Mumps Virus in Chick Embryos Injected with the Capsular 
Polysaccharide of Friedlander Bacillus Type B 


1st Lojection 

O.i cc. Intra- 
allantoic 


2Dd injection 

0.1 cc. intra-allantoic 

Incu- 

Hemagglutination titer* 

Iljfcc- 

tivity 

score 

Virus 
titration 
end point 
EJ.50 
Log 

val 

at 

35*C. 

Individual allantoic 
fluids 

Mean 

MV 10-‘ 

wm 

Saline 

days 

6 

64 

512 

8 

32 

154 

4/4 


“ io-» 

it 

tt ' 

tt 

64 

32 

512 

8 

154 

4/4 


“ 10^ 

u 

it 

tt 

16 

128 

16 

0 


3/4 

-6.33 

“ 10-7 

n ' 

ti 

tt 

0 

0 

0 

0 


0/4 


“ io-> 

it 

Fr.B 1.0 mg.t 

tt 

0 

16 

4 

8 

7 

3/4 


" io-< 

It 

ft tt it 

tt 

0 

4 

0 

0 

1 

1/4 

-3.66 

“ 10-‘ 

tt 

ti ii a 

tt 

0 

0 

8 

0 

2 

1/4 



* Expressed as the reciprocal. 

t Each embryo was given 1.0 mg. of polysaccharide intra-allantoically. 


embryos. In view of the results obtained in the experiments described above, 
it appears that embryos given Fr.B are not only less susceptible to infection 
with but also are less capable of supporting multiplication of mumps virus than 
are control embryos. 

IV. Toxicity of Fr.B Polysaccharide . — ^Embryos which were given Fr.B poly- 
saccharide intra-allantoically showed no gross evidence of deleterious effects. 
They grew and developed at the same rate as controls and died no more fre- 
quently than embryos given saline by the same route. This was true even 
when 10 mg. of Fr.B per embryo was injected which is 5 times the quantity 
used in any experiment. The chorioallantoic membranes of 8 day embryos 
injected with 1 mg. of Fr.B were e.xamined microscopically after the embryos 
had been incubated for either 2 or 6 days. The membranes were fixed in 
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Zenker’s solution and stained with hematoxylin and eosin. There were no 
demonstrable microscopic lesions in any of the embryonic tissues examined. 
It appears, therefore, that Fr.B polysaccharide in tJie quantities given is in- 
nocuous for and has no evident toxic effects upon the chick embryo. 

V. Effect of Fr.B Polysaccharide on Virus Titer after Injection with Mumps 
Virus. — It was necessary to determine directly whether or not allantoic fluid 


TABLE IV 

T itrations of Mumps Virus in Chick Embryos Injected with the Capsular Polysaccharide 

of Friedlaudcr Bacillus Type B 


1st injection 

0.1 cc. intra-alinntoic 

Interval 

2nd Injection 

0.1 cc. intra-allantoic 

Incubation 
at JS'C. 

Virus 
titration 
end point 
E.I.50 
Log 

DUTcrence 

from 

control 

Log 

Saline 

Fr.Bt 

Ars. 

3 

« 

MV dilutions* 

1 

days 

6 

It 

-6.17 

-4.00 

-2.17 

1 

Saline i 

Fr.Bt 

“ 

« 1 

« <1 

it 

j 

-5.63 

-4.00 

-1.63 

Saline 

Fr.Bt 


<( « 

(( 

it 

it 

-6.17 

-4.50 

-L67 

! 

Saline 

Fr.BJ 

« 

1 

<( 4( 

(4 it 

tt 

it 

-6.60 

-4.75 

-1.85 

MV dilutions* 

ti 

i 

! 

1 « 

Saline 

Fr.Bt 

tt 

it 

-6.33 

-3.66 

-2.67 

Geometric mean 

Saline 

Fr.B 

-6. IS 
-4.18 

-2.00 


* Serial tenfold dilutions from 10~’ to 10“^ were employed in each titration. A group 
of at least 4 embryos was inoculated with each dilution. 

1 1.0 mg. of polysaccharide per embryo. 


from embryos infected with mumps virus and also given Fr.B polysaccharide 
showed a reduction in virus infectivity titer which corresponded to the observed 
reduction in hemagglutination titer. 

Four 9 day old embryos were inoculated intra-allantoically with 10’ E.I.D. of mumps virus. 
Three hours later each of 2 of the embryos was given 1.0 mg. of Fr.B by the same route; tlie 
remaining 2 were given 0.1 cc. of saline. They were then incubated at 35°C. for 6 days after 
which allantoic fluids were removed and two pools prepared. The hemagglutination titer 
and, in addition, the virus infectivity titer of the pools were determined. 
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The results of this experiment are shown in Table VI. The allantoic fluid 
pool obtained from control embryos had a hemagglutination titer of 1 : 256 and a 
virus titer of whereas that obtained from embryos which received Fr.B 

caused no hemagglutination and had a virus infectivity titer of only 10“^ 

It is evident that the differences between the hemagglutination titers (i.e., 
log -2.41) and virus infectivity titers (t.e., log -2.75), respectively, of the al- 
lantoic fluid pools were closely similar. It appears, therefore, that the actual 
concentration of mumps virus present in the allantoic fluid of polysaccharide- 

TABLE V 


Reduction in Hemagglutination Tiler of Mumps Virus in the Allantoic Fluid of Chick 
Embryos Injected with the Capsular Polysaccharide of Friedliinder Bacillus Type B 


1st injection 

0.1 cc. intra-allantolc 

Interval 

2nd injection 
Intra-aiiantoic 
mumps virus 

Incubation at 
35*0. 

Hemaggluti- 
nation titer of 
allantoic fluids* 
Log 

Difference 
from controls 
Log 


krs. 

E.I.D. 

days 



Saline 

3 

10 

6 

to 

b 

-1.53 

Fr.Bt 

H 

it 


-0.48 

Saline 

ti 

1(F 

(t 

-2.27 

-1.93 

Fr.BJ 


(( 

it 

-0.34 

Saline 


KF 

it 

-2.16 

-1.53 

Fr.Bt 

ft 

(( 

it 

-0.63 

Saline 

« 

10* 

it 

-2.25 

CO 

I 

Fr.Bt 

U 

<( 

ti 

-1.07 

Saline 


1(F 

ti 

-2.48 

-0.37 

Fr.Bt 

n 

U 

a 

-2.11 


* Geometric mean of the hemagglutination titers of allantoic fluids from at least 2 groups 
of embryos (4 embryos per group). 

1 1 mg./embryo. 


treated embryos was markedly lower than that obtained with controls. More- 
over, it appears that this difference can be measured with as much precision 
by means of the hemagglutination technique as by virus infectivity titrations. 

VI. Effect of Fr.B Polysaccharide upon Infectivity of Mumps Virus . — It was 
of importance to determine whether the polysaccharide (Fr.B) employed in 
the preceding experiments caused inactivation of mumps virus in vitro. If 
this occurred, it appeared probable that an explanation for the effects observed 
in vivo might be obtained. 

Allnntoic fluid from embryos infected with mumps virus was diluted in sterile normal 
lorsc scrum. To one aliquot was added an equal volume of Fr.B in a concentration of 10 
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ing. per cc. in siiline. lo anotlicr aliquot an equal volume of saline was aclclccl. The mixtures 
ere held at 4 C. for 30 minutes after which serial dilutions were prepared. Virus infectivity 
titrations were then carried out. 


The results of this e.xperiment are presented in Table VII. It will be noted 
that, despite the presence of a relatively high concentration of polysaccharide 
in the initial mixture, the infectivity titer of the virus following treatment with 
Fr.B was identical with that of the control. These findings indicate clearly 
tliat under the conditions of the experiment there was no demonstrable inac- 
tivation of virus in the presence of a large quantity of polysaccharide. More- 

TABLE VI 


Reduction of Both Hcmagglulinalton and Infectivity Titers of Mumps Virus in the Allantoic 
Fluid of Chick Embryos Injected with the Capsular Polysaccharide of Friedlaiider 

Bacillus Type B 


1st injection 
Intra-allan- 
toic 

Inter- 

val 

2ncl injection 
Intra-ailantoic 

Incu- 

bation 

at 

3S“C. 

HemaK- 
glutination 
titer of 
allantoic 
Iluid 

Infectivity titrations of allantoic 
iluid 

DiluU'on 

Infectivity 

score 

Virus 
titration 
end point 
E.I.S0 

Log 

E.I.D. 

hrs. 


days 





MV 102 

3 

Saline 

6 

1:256 

10-5 

3/3 







io-« 

3/4 







10-2 I 

2/4 

-7.00 






10-5 

1/3 


<c u 

(C 

Fr.B 

(( 

0 

10-5 

3/3 




1.0 mg./embryo 



10-5 

2/4 

-4.25 






10-5 

1/3 







10-5 




over, they suggest that the effects observed in vivo are not to be explained on 
the basis of direct action by Fr.B on mumps virus. 

VII. QuanlUy of Fr.B Polysaccharide Required to Inhibit MuUipUcaiion of 
Mumps Virus. — ^It appeared of interest to determine the smallest amount of 
Fr.B polysaccharide which could cause a significant reduction in the multipli- 
cation of mumps virus in the allantoic sac. 

Appro.ximately 100 E.I.D. of virus was used in these experiments and embryos were in- 
oculated intra-allantoically with virus 3 hours before the polysaccharide was injected. A 
number of experiments were performed; in each instance two control groups of 4 embryos 
given 0.1 cc. of saline 3 hours after inoculation of virus were included. Allantoic fluids were 
removed 6 days after inoculation and their hemagglutination titers determined. 

The results obtained are presented graphically in Fig. 2 in which the loga- 
rithm of the difference in the hemagglutination titers of polysaccharide-treated 
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and control embryos is plotted against tbe quantity of Fr.B injected. It will 
be noted that Fr.B polysaccharide was capable of inhibiting mumps virus 
multiplication to a significant degree when as little as 5 jig- per embryo was 
injected into the allantoic sac. When relatively large amounts of Fr.B (i.e., 
0.5 to 1.0 mg. per embryo) were given, the extent to which virus multiplication 
was inhibited was definitely greater than when smaller amounts were injected. 
However, the degree of inhibition obtained after the injection of 200 jtg. was 
not strikingly different from that obtained when only 5 /ig. per embryo was 
given. It will be recalled that in similar experiments with PVM it was found 


TABLE Vn 

The Effect of the Capsular Polysaccharide of Friedldnder Bacillus Type B on Mumps 

Virus in Vitro 


Mixture held at 30 znio. 

Dilution of 
mixture 
inoculated 
intra'nllan* 
toically 

Constituents of 
inoculum 

Hemag- 
glutination 
titer of 
allantoic 
fluids* 

Infectivity 

score 

Virus 
titration 
end point 
E.UO 

Log 

Mumps 

vims 

dilution 

Diluent 

Mumps 

virus 

Er-B 










Saline 

10» 


0 

171 

3/3 




10-*-’ 

10-« 

tt 

224 

4/4 




10->-'' 

10-‘ 

ti 

144 

4/4 





10-* 

tt 

171 

3/3 




10-s-^ 

l&-» 

tt 

21 

1/3 

-6.75 


Fr.B 

lO" 


500 

96 

2/4 



S mg./cc. 

10-=-’ 

10-‘ 

1.0 

20 

3/4 




10->-’ 

10-5 

0.1 

156 

4/4 





10-5 

0.01 

149 

3/3 





10-» 

0.001 

4 

1/4 

-6.67 


* Expressed as the reciprocal of the mean of the hemagglutination titers obtained 6 days 
after inoculation. 


that 1.6 /ig. of Fr.B per mouse was capable of causing inhibition of virus multi- 
plication (1), 

VIII. Effect of the Time Interval between Injections of Virus and Polysac- 
charide. — Experiments were carried out to determine the duration of the inter- 
val after inoculation with mumps during which injection of Fr.B polysaccharide 
would cause inhibition of virus multiplication. 


In these c.xperimcnls embryos were inoculated intra-allantoically with 100 E.I.D. of mumps 
virus. Three hours before and after the inoculation of virus, as well as at intervals of 24 hours 
thereafter, each of 4 embryos was given a single injection of 1.0 mg. of Fr.B by the same 
route. The eggs were incubated at 3o°C. for 6 days following inoculation with mumps virus, 
and the hemagglutination tiler of each allantoic fluid was then determined. 
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The results obtained are presented in Fig. 3. The logarithm of the difference 
between the hemagglutination titers of the allantoic fluids obtained from poly- 
saccharide-treated and control embryos is plotted against the time interval 
which elapsed between inoculation of virus and injection of Fr.B. It is impor- 
tant to point out that all allantoic fluids were obtained 6 days after inoculation 
with virus. It is evident that a single injection of 1.0 mg. of polysaccharide, 


8 ^ 



f 

Fig. 2. ESect of difierent quantities of capsular polysaccharide of Friedlander bacillus 
type B (Fr.B) on the hemagglutination titer of allantoic fluids obtained from chick embryos 
inoculated with 100 E.I.D. of mumps virus. Polysaccharide was injected intra-allantoically 
3 hours after virus. Groups of 4 embryos were employed; each end point represents tlie mean 
difference in titer between one e.xperimental and two control groups. Results indicated by 
open circles were obtained in a single experiment and, because they deviate systematically 
from the other results, they were not included in the calculation of geometric mean. 

whether given 3 hours before or as long as 48 hours after inoculation with mumps 
virus, markedly inhibited viral multiplication. Although inhibition became pro- 
gressively less str ikin g as the time interval was further increased, a significant de- 
gree of inhibition was demonstrated when the interval was as long as 96 hours, 
though not when it was 120 hours. For purposes of comparison the rate of 
multiplication of mumps virus in the allantoic sac of control embryos is also 
shown in Fig. 3. It will be seen that the effect of the polysaccharide was most 
marked when multiplication of virus had not yet reached the minimal threshold 
(le., virus titer of at which it can be demonstrated by means of the 
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hemagglutinatioii technique. As further multiplication occurred with increas- 
ing time, the effect of the polysaccharide became less and less evident. When 
nearly maximal multiplication had taken place (f.e., 5 days after inoculation), 
injection of polysaccharide caused no significant effect. It is of importance to 
emphasize that at no time following inoculation of the virus did injection of 
polysaccharide cause a reduction in the concentration of virus already present. 

(j. Hours between injections of mumps virus and TnB 



Fig. 3. Upper graph: The effect of dme between inoculation with mumps virus and in- 
jection of Fr.B polysaccharide on the hemagglutination titer of allantoic fluids obtained 6 
days after viral infection. Groups of 4 embryos were employed; each end point represents 
the mean difference in titer between one experimental and two control groups. 

Lower graph: The rate of increase in the hemagglutination titer of the allantoic fluid of 
control embryos inoculated with mumps virus. 

It appears that in each instance the effect observed is to be explained entirely 
on the basis of inhibition of further viral multiplication. 

IX. Ejfect of Injection of Fr.B Polysaccharide into the Yolk Sac . — number 
of experiments were carried out to determine whether injection of Fr.B polysac- 
charide by a route other than the allantoic would also cause inhibition of multi- 
plication of mumps virus in the allantoic sac. It was found that among 45 
embryos, each of which was given 5 mg. of polysaccharide into the yolk sac 
and then inoculated with 100 E.I.D. of virus intra-allantoically, 24 (53.2 per 
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cent) yielded allantoic fluids witli significantly lower hemagglutination titers 
than were obtained in appropriate controls. When precipitin tests were per- 
formed with anti-Fr.B serum, it was found that the polysaccharide was present 
in the allantoic fluid of some embryos, but was not demonstrable in that from 
others despite the fact that all had been given the same amount of Fr.B in the 
yolk sac. It was found also that allantoic fluids in which Fr.B was demon- 
strable gave in almost every instance low hemagglutination titers, whereas 
those in which Fr.B was not demonstrable showed titers similar to those ob- 
tained with controls. That the low hemagglutination titers were not caused 
by a direct effect of Fr.B on the virus can be concluded from the finding that 
mixtures of polysaccharide and virus gave theoretical titers as is shown in the 
accompanying paper (10). It appears, therefore, that when polysaccharide 
was transported from the yolk sac to the allantoic sac, and appeared at the 
latter site in demonstrable amounts, inhibition of virus multiph'cation in the 
allantoic sac was obtained. Why polysaccharide failed to be so transported 
in approximately 50 per cent of embryos is not known. 

X. EJfeci of Various Polysaccharides upon Mulliplicalion of Mtmps Virus . — 
It has been shown that a variety of polysaccharides are effective in inhibiting 
multiplication of PVM in the mouse lung (1). In view of the fact that Fr.B 
polysaccharide exhibited this property and, in addition, inhibited multiplica- 
tion of mumps virus, it was of interest to study other carbohydrates which 
actively inhibit multiplication of PVM as well as others which show no such 
activity. 

It will be seen from the results shown in Table VIII that, with the exception 
of Fr.B polysaccharide, none of the preparations tested which were effective 
in inhibiting multiplication of PVM in the mouse lung had a similar effect upon 
infection with mumps virus in the allantoic sac of the chick embryo. The 
capsular polysaccharide of streptococcus MG and blood group A substance 
inhibit multiplication of PVM (1), but were entirely ineffective when tested 
with mumps virus. Recent studies in this laboratory have shown that dextran 
synthesized from sucrose by means of cell-free enzyme obtained from Leiicon- 
ostoc mesenieroides^ was capable of inhibiting multiplication of PVM. How- 
ever, this carbohydrate also was ineffective with mumps virus. It is of con- 
siderable interest that capsular polysaccharide of pneumococcus type II, 
although immunologically related to capsular polysaccharide of Friedliinder 
bacillus type B, likewise had no significant effect on tlie multiplication of 
mumps virus. Moreover, type II capsular polysaccharide has been found to 
have no effect upon the multiplication of PVM.^ 

Because of their serological relationship, experiments were carried out to 
determine whether capsular polysaccharide of pneumococcus type II was ca- 


^ Unpublished observations. 
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pable of blocking the effect of Fr.B polysaccharide. Two mg. of type II capsu- 
lar polysaccharide was injected into the allantoic sac of embryos 3 hours before 


TABLE Vni 

The Effect of Various Polysaccharides upon the Multiplication of Mumps Virus in the 
Allantoic Sac of the Chick Embryo 


ist mjection 

0.1 cc. intra'allantolc 

Inter- 

val 

2ad iojec- 
tion 
Intra- 
allantoic 
mumps 
vims 

Incuba- 
tion at 

ss-’c. - 

Hemagglutination 
titer* of allantoic 
flui(h of embiyos 
injected with 

Difference 

from 

controls 

Log 

Polysaccharide 

Amount 

Saline 

^Log 

Polysac- 

charide 

log 


<»*./ 

embryo 


B.IJ}. 

days 




Fr.B 

1 

3 

1(P 

6 

-2.27 

-0.34 

-1.93 

Pneumococcus type n 

1 

it 

10 

tt 

-1.61 

-1.38 

-0.23 

ssst 









2 

it 

1(P 

a 

-2.08 

-1.43 

-0.65 

Pneumococcus type m 

1 

1 ** 

10 

a 

-2.10 

-1.36 

-0.74 

ssst 









1 

it 

1(P 

it 

-2.30 

-1.57 

-0.73 

Apple pectin 

1 

it 

1 

10 

tt 

-2.62 

-2.48 

-0.14 

it it 

1 

ti 

1(P 

it 

-2.37 

-2.98 

+0.61 

ti t( 

2 

tt 

10 

it 

-1.52 

-2.05 


Streptococcus MG, SSSt 

1 

ti 

10 

tt 

-1.61 

-1.66 

+0.05 

Blood group A 

1 

it 

10 

tt 

-1.61 

-1.85 

+0.24 

Dextran§ 

1 

a 

10 

<{ 

-2.62 

-2.48 

-0.14 

U 

1 

ti 

UP 

it 

-2.37 

-2.33 

-0.04 

Levanll 

1 

it 

1(P 

tt 

-1.94 

-1.90 

-0.04 

Com starch 

1 

n 

KP 

tt 

1 -1.79 

1 -2.11 

+0.32 


* Expressed as the geometric mean, 
t SSS = capsular polysaccharide. 

§ Produced in vitro from sucrose by cell-free enzymes, from Lcuconostoc viesenteroides, 

W " " " “ “ “ “ “ “ “ Streptococcus salivarius 

type II. 

0.2 mg. of Fr.B was given; 100 E.I.D. of mumps virus was then inoculated 3 
hours later. In each instance Fr.B polysaccharide inhibited the multiplication 
of mumps virus in undiminished degree. It appears, therefore, that type II 
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capsular polysaccharide does not act as an antagonist with respect to Fr.B. 
The strildng differences noted in the biological activities of these two serologi- 
cally related polysaccharides suggest that this function is not necessarily related 
to immunological similarity. In this connection it is of considerable interest 
that a small quantity of Fr.B polysaccharide neutralized with an amount of 
specific immune serum sufficient to provide an'e.\cess of antibody caused as 
marked inhibition of multiphcation of mumps virus as did the same quantity 


T/VBLE IX 

EJJcct of the Capsular Polysaccharides of Fricdliindcr Bacilltts Types A , B, and C, 
Respectively, on Midti plication of Mumps Virus in the Chick Embryo 


1st injection 
Intra-allantoic 

Interval 

2nd injection 
Intra-allantoic 

Amount 
of polysac- 
cnande 

Hemagglutina- 
tion titer of 
allantoic fluids* 
Log 

Difference 
from controls 
Log 


Afj. 


ms./eniiryo 



Fr.AJ 

3 

MV 103 E.LD. 



-1.21 

MV 103 e.I.D. 

it 

Fr.At 

0.2 


-1.36 


ti 

tt 


-1.23 

-0.73 

« <( (t 

tt 

tt 

0.01 

-0.70 

-1.36 

Fr.Bt 

tt 

MV 103 E.I.D. 

1.0 

0 

-2.11 

MV 103 e.I.D. 

tt 

Fr.Bt 

0.2 

-0.90 

-1.16 

(t it i( 

it 


0.05 

-0.48 

-1.58 

ti it {{ 

I it 

tt 

0.01 

-0.70 

-1.36 

Fr.Ct 

it 

MV 103 E.I.D. 

1.0 

0 

-2.11 

MV 103 E.I.D. 

tt 

Fr.Ct 

0.2 

0 

-2.06 

a a a 

it 


0.05 

0 

-2.06 

a it tt 

if 

it 

0.01 

0 

-2.06 


* Geometric mean of the hemagglutination titers of allantoic fluids obtained 6 days after 
inoculation. 

J Fr.A = capsular polysaccharide of type A Friedlander bacillus. 

i< u « g {( t( 

FnC = “ “ “ “ C “ “ 

of Fr.B in the absence of serum. Chemical evidence bearing on this point is 
presented below. 

The capsular polysaccharides of Friedlander bacillus types A and C, respec- 
tively, were also tested to determine whether they were capable of inhibiting 
the multiplication of mumps virus in the allantoic sac of the chick embryo. As 
is shown in Table IX, not only were both these polysaccharides strikingly effec- 
tive as inhibitors of the multiplication of mumps virus, but also they signifi- 
cantly inhibited multiplication when quantities as small as 10 /ig. were given. 
It is of interest that both Fr.A and Fr.C polysaccharides have been found to 
act as inhibitors with respect to PVM.* 
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XL The Efecl of Fr.B Polysaccharide on the MaUiplicalion of Other Viruses . — 
The inhibitory effect of Fr.B polysaccharide upon viruses other than mumps 
also was investigated. In Table X the results of these experiments are shown. 
It will be observed that even when very small amounts of influenza A, influenza 
B, or Newcastle disease viruses were inoculated 3 hours after relatively large 
amounts of polysaccharide had been injected intra-allantoically, no evidence 
of inhibition of multipHcation of any of these viruses was obtained. It appears 
evident that Fr.B polysaccharide, when used in amounts which are strikingly 
effective against mumps virus, was not capable of affecting significantly the 


TABLE X 

Effect of the Capsular Polysaccharide of Frtedlander Bacillus Type B on the Multiplication 
of Influenza A, Influenza B, and Nmcastle Disease Viruses in the Chick Embryo 


Vims inoculated 

No. E.I.D. 
injected 
intra- 

allantoically 

Amount 

Fr.B 

Incuba- 
tion at 
3S*C. 

Hemagglutination 
titer of allantoic 
fluids* of embryos 
injected with 

Difference 
from control 
Log 



Saline f 
Log 

Fr.Bt 

Log 



embryo 

days 




Influenza A 

1 

1.0 

1 ^ 

-2.53 


+0.07 


1(F 

1.0 ! 

tt 

-2.85 



tt it 

10 

5.0 

tt 

-2.53 


Warn 

Influenza B 

10 

0.6 

tt 

-2. 28 

-1.88 


tt u 

10* 

0.6 

tt 

-2.01 

-1.86 

lEia 

Newcastle disease 

1 

0.6 

tt 

-1.90 


+0.63 

tt tt 

10 

0.6 

tt 

-2.58 


0 

tt ft 

10* 

0.6 

tt 

-2.65 

-2.58 

-0.07 


* Expressed as the mean of the hemagglutination titers. 

t Saline or polysaccharide was injected intra-allantoically 3 hours before inoculation of 
virus. 


hemagglutmation titers of the allantoic fluids of embryos infected with influenza 
A, influenza B, or Newcastle disease viruses. Moreover, it was found that the 
infectivity titers of each of these viruses were closely similar both in polysac- 
charide-treated and in control embryos. Other experiments have demonstrated 
that Fr.B polysaccharide given intranasally does not lower the virus infectivity 
titration end point (M.S.50) in mice when these animals are infected with either 
mfluenza A or influenza B virus. 

XII. Effects of Various Chemical Procedures on the Inhibitory Capacity of 
Fr.B Polysaccharide. — ^Polysaccharides can be subjected to a variety of pro- 
cedures which will bring about alterations in their chemical structures. In the 
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present investigation the effects of oxidation by periodic acid and of hydroxyl 
ions on the activity of Fr.B polysaccharide with respect to mumps virus were 
studied. 

O.'ddation of the polysaccharide witli periodic acid was carried out as follows: A solution 
of carbohydrate containing 0.4 gra. in 20 cc. was diluted with an equal volume of 0.5 ii acetate 
buffer at pH 5.0. 30 cc. of 0.1 it HIOi was added, and the mbeture diluted to 100 cc. At 10, 
40, and 160 minutes, as well as at 24 hours, 25 cc. of solution was removed and 0.5 cc. of 50 
per cent glycerol added to decompose the excess periodate. The solutions were thoroughly 



Fig. 4 A. Effect of treatment with 0.03 m HIO 4 at pH 5.0 on the specific serological activity 
of Fr.B polysaccharide. Solutions were mixed with immune rabbit serum diluted 1:20. 
Photometric observations were made 15 minutes after the mixtures were prepared. 

Fig. 4 B. Effect of treatment with OH“ on the specific serological activity of Fr.B polysac- 
charide. Neutral solutions were mixed with immune rabbit serum diluted 1:15. Photo- 
metric readings were made 15 minutes later. 

dialyzed against distilled water and the solid material recovered from the frozen state. In 
each instance a quantitative recovery was obtained. 

Treatment of the polysaccharide with OH“ was performed by dissolving 20 mg. amounts 
of carbohydrate in 0.1 m borate buffers at pH 9.45, 11.63, and 12.30, respectively. After 
- standing at 37°C. for 24 hours the borate was removed by dialysis against 0.9 per cent NaCl 
solution. Each solution was made to a final concentration of 5.0 mg. per cc. A further 
specimen was prepared by allowing a solution of carbohydrate to stand at pH 12.3 in an ap- 
propriate concentration of NaOH for 24 hours at 37°C. This solution was then neutralized 
with HCl but was not dialyzed. 
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Quantitative serological precipitation tests on solutions of the polysaccharide treated with 
periodate for various time intervals, and with OH” at varying values of pH, were carried out 
photometrically as described above. The antiserum used was prepared by the immunization 
of rabbits with Friedliinder bacillus type B. 

The activity of these same solutions of polysaccharide with respect to mumps virus was 
determined in the following manner: Appro.’umately 100 E.I.D. of virus was inoculated into 
the allantoic sac of each of a number of embryos and 3 hours later cither unaltered Fr. B or a 
preparation of polysaccharide which had been subjected to chemical treatment was injected 
by the same route. Following the usual incubation period of 6 days the hemagglutination 
titer of each allantoic fluid was determined. 

The results of quantitative precipitation tests with immune rabbit serum 
which are presented graphically in Fig. 4 A demonstrate that oxidation of Fr.B 
polysaccharide by 0.03 ii HIO 4 at pH 5.0 brings about a rapid and progressive 
reduction in the specific serological activity of the carbohydrate. Indeed, at 
the end of a 24 hour period of contact with the reagent not only was there no 
serological activity demonstrable by the precipitation technique, but also the 
product of oxidation failed completely to inhibit specific precipitation by un- 
altered polysaccharide with homologous antiserum. This loss in serological 
activity, however, was not accompanied by any demonstrable reduction in 
biological activity with respect to mumps virus, as is shown below. In contrast 
to these results the effect of hydroxyl ions did not bring about destruction of 
serological activity (cf. Fig. 4 B), but completely abolished the biological activ- 
ity of the carbohydrate as will be seen from the evidence presented below. 

In Table XI are shown the results of experiments with chemically treated 
polysaccharide preparations and mumps virus in the chick embryo. It is evi- 
dent that even after treatment with periodic acid for 24 hours the product of 
oxidation of the Fr.B polysaccharide was still capable of inhibiting multiplica- 
tion of virus. It is also seen that, whereas treatment with OH" at pH 9.45 
did not affect the inhibitory activity of the polysaccharide, similar treatment 
at pH 11.63 completely inactivated the inhibitory effect of the carbohydrate. 
Polysaccharide treated with NaOH at pH 12.30 for 24 hours, but not dialyzed 
thereafter, was also found to have lost all capacity to inhibit multiplication of 
mumps virus. As is also shown in Table XI the aldobionic acid derived from 
Fr.B polysaccharide by acid hydrolysis had no effect upon multiplication of 
virus in the embryo even when as much as 5.0 mg. was injected. 

The Fr.B polysaccharide preparation which was used throughout these ex- 
periments, although highly purified by repeated alcoholic precipitations, still 
contained 0.7 per cent nitrogen. It was of interest to determine what effect 
further purification would have upon the activity of the polysaccharide. The 
rarbohydrate was therefore precipitated as its copper salt and after dissolving 
m a high concentration of acetate buffer was repeatedly precipitated with alco- 
hol. The solution was then shaken with octyl alcohol-chloroform and finall y 
electrodialyzed. The carbohydrate was recovered by freezing and drying and 
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its nitrogen content determined. The final product contained only 0.25 per 
cent nitrogen. When this more thoroughly purified preparation was tested in 
the chick embryo with mumps virus in the usual manner, it was found that its 
effectiveness in causing inhibition of virus multiplication was not changed. The 
fact that further purification did not diminish activity is important evidence 
indicating that the active substance is the polysaccharide itself and not an im- 
purity associated with it. 


TABLE XI 

The Effect of Chemical Alterations of the Capsular Polysaccharide of Fricdliindcr Bacillus 
Type B on Its Capacity to Cause Inhibition of Multiplication of Mumps Virus 


1st injection 
Intra- 
allantoic 

Inter- 

val 

2nd injection 
Intra-alhntoic 

Specific 

scro- 

lofjical 

activity 

Amount 

of 

material 

injected 

Hcmaijglu- 
tination 
titer of 
allantoic 
iluids* 
Los 

Difference 

from 

control 

Log 

E.I.D. 



per cciitt 

m.c./ 

embryo 



MV 10’ 

3 

Fr.B 

100 

0.05 

-0.48 

-1.58 

(1 a 

it 

Fr.B treated with IIIOi 160 

10 

1.0 

-0.59 

-1.58 



rain. 





« (t 

it 

it it 


0.05 

-1.43 

-0.82 

(t it 

it 

Fr.B treated with HIO< 24 hrs. 

0 

1.0 

-0.39 

-1.78 

a << 

it 

u it 


0.05 

-1.28 

-0.97 

tt u 

ti 

Fr.B treated with OH" pH 

50 

0.1 

-0.30 

-2.09 



9.45 24 hrs. 





a ti 

it 

Fr.B treated with OH" pH 

50 

0.5 

-2.25 

-0.14 



11.63 24 hrs. 





if a 

it 

it it 


0.1 

-2.53 


it it 

ft 

Aldobionic acid (from Fr.B) 

0 

5.0 

-2.41 



* Geometric mean of the hemagglutination titers, 
f Appro.-dmate values (cf. Fig. 4). 


DISCUSSION 

The evidence obtained in this study indicates that capsular polysaccharides 
derived from type-specific Friedliinder bacilli possess tlie capacity to cause 
inhibition of the multiplication of mumps virus in the allantoic sac of the chick 
embryo. These same polysaccharides are also capable of inhibiting the multi- 
plication of pneumonia virus of mice (PVM) in the mouse lung (1,^). However, 
at least one of these carbohydrates, the capsular polysaccharide of Friedliinder 
bacillus type B, shows no such inhibitory effect on the multiplication of New- 
castle disease virus in the chick embryo or on tlie multiplication of influenza 
A and influenza B viruses either in the chick embryo or in the mouse lung. 

Despite the fact that each of the five different viruses employed possesses 
the capacity to cause hemagglutination with appropriate erythrocytes, each 











H. S. GINSBERG, W. F. GOEBEL, AND F. L. HORSFALL, JR. 


407 


possesses in addition to immunological specificity other properties which serve 
sharply to differentiate one agent from another. It appears pertinent to point 
out that the viruses enumerated above can be separated into two groups on 
the basis of their rates of multiplication in susceptible hosts. Mumps virus 
and PVM (30) multiply at relatively slow rates in the chick embryo and the 
mouse, respectively, and both reach maximal titers in approximately 6 days. 
Influenza A (31), influenza B (32), and Newcastle disease (33) viruses multiply 
at relatively rapid rates in the chick embryo, as too do influenza A (34) and B 
viruses in the mouse, and each reaches maximal titers in approximately 2 days. 
It is of suggestive interest that among the viruses studied there appears to be 
a close correlation between the rate of multiplication and the capacity of the 
capsular polysaccharide of Friedlander bacillus type B to inhibit multiplication : 
viruses which multiply slowly are inhibited; those which multiply rapidly are 
not. It might be thought that the rapidity with which viruses in the latter 
group multiply is an adequate explanation for the fact that their multiplication 
is not inhibited by Friedlander polysaccharide. There is reason to think, how- 
ever, that some other explanation is required. Even the injection of relatively 
large quantities of polysaccharide some hours before the inoculation of very 
small amounts of these viruses does not cause inhibition of their multiplication. 
These agents, in contrast to those which multiply slowly, appear to be capable 
of increasing in titer in a susceptible host regardless of the presence of a con- 
siderable concentration of Friedlander polysaccharide. It does not follow, 
however, that the viruses which multiply rapidly will necessarily continue to 
do so in the presence of other polysaccharides. Indeed, there is evidence indi- 
cating that with one of them (influenza A virus) apple pectin is effective as an 
inhibitor of multiplication when 25 to 50 mg. is injected into the allantoic sac 
(2). It will be recalled that this latter polysaccharide, in the quantity em- 
ployed (2 mg.), showed no inhibitory activity even against very small amounts 
of mumps virus, which multiplies slowly. 

In the light of all of these findings it seems reasonable to consider the possi- 
bility that both mumps virus and PVM require, in order that they may multi- 
ply, the presence of cellular metabolic systems which are not identical with 
those required for the multiplication of influenza A, influenza B, and Newcastle 
disease viruses. Were but a single chain of metabolic steps necessary for the 
multiplication of all of these agents, it would be expected that a polysaccharide 
which is capable of blocking multiplication of one should also prevent multi- 
plication of the others. It appears evident that this is not the case. 

The available evidence indicates that Friedlander polysaccharide does not 
induce its inhibitory effects as a result of direct action on mumps virus per se. 
Additional experimental evidence in support of this conclusion is presented in 
the accompanying paper (10). Previously it was shown that inhibition of 
multiplication of PVM (1) could not reasonably be explained by postulating a 
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direct effect of the same polysaccharide on the virus itself. It appears that 
with both agents the mechanisms of inhibition may be similar and dependent 
entirely upon metabolic alterations induced in the susceptible cells of appropri- 
ate hosts As earlier with PVM (1), so too with mumps virus (10) evidence 
has been obtained which indicates that the so called virus receptor of tissues 
susceptible to infection is not blocked by Friedliinder polysaccharide. As a 
consequence, tlie first step in the initiation of infection, that is, the establish- 
ment of intimate contact between virus particles and susceptible cells, is un- 
doubtedly accomplished even when much polysaccharide is present. It is, 
apparently, some later step in the process resulting in an increase in the num- 
ber of virus particles which fails to function normally if Friedliinder polysac- 
charide is present. That this step is one which is associated with the metabolic 
activities of the host cell, not the virus particle, seems very probable. Be- 
cause tlie same polysaccharides which inliibit the multiplication of mumps virus 
in the allantoic sac also inhibit tlie multiplication of P\rM in the mouse lung, 
it appears possible that but a single mechanism is involved. It is suggested 
that these polysaccharides block a metabolic step in the cells of both hosts, 
which step is required for the multiplication of both viruses. 

The results obtained following chemical treatment of polysaccharide by the 
procedures described provide evidence indicating that the structural configura- 
tion which endows the Fr.B polysaccharide with specific serological activity is 
distinct from that which brings about inhibition of the multiplication of mumps 
virus and PVIVI (1). It should be pointed out that oxidation of the carbohy- 
drate by periodic acid alters the molecule in such a way that the linkage between 
the carbon atoms of tlie individual hexose and hexoseuronic acid units bearing 
adjacent hydroxyl groups is severed without destroying the glycosidic unions. 
The hydroxyl groups themselves are oxidized to aldehydic groups. The result- 
ing derivative may therefore be considered as a polyaldehyde (35). That the 
derivative has suffered no gross degradation is evident from the fact that it 
does not diffuse through cellophane membranes. It is difficult to e.xplain why 
drastic chemical change of the polysaccharide molecule, sucli as that brought 
about by oxidation with periodic acid, fails to impair biological activity, whereas 
treatment with hydroxyl ions causes complete loss of the latter function. Al- 
though the two chemical reactions are by no means comparable, tlie fact remains 
that profound alteration in chemical structure is not necessarily accompanied 
by a change in biological activity. That alkali impairs but slightly the sero- 
logical activity of the polysaccharide, but destroys completely its biological 
activity with respect to mumps virus, may be due to either depolymerization 
of the carbohydrate, enolization of terminal aldehydic groups, or to chemical 
changes of those groups which have a specific affinity for the susceptible cells 
of the host. 
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It is obvious that the hj^^othesis presented regarding the mechanism.of action 
of polysaccharide inhibitors with respect to these two viruses is superficially 
similar to present ideas on the mechanism of action of certain chemotherapeutic 
agents on various microbial species. There is, however, a very fundamental 
difference. In the latter case the active substance appears to exert its effect 
by affecting the metabolism of the microbe per se. With viruses the point of 
attack is one step removed and it is probably the metabolic systems of the host 
cell, not the infectious agent, which are affected by polysaccharide. 

SUMMARY 

Polysaccharides derived from type-specific Friedlander bacilli cause inhibi- 
tion of the multiplication of mumps virus in the allantoic sac of the chick em- 
bryo. As little as 5 /ig. of polysaccharide is effective as an inhibitor. Inhibi- 
tion of multiplication is obtained when polysaccharide is injected as long as 4 
days after inoculation of virus. Chemical studies have shown that the struc- 
tural configurations of the polysaccharide responsible for specific serological 
activity are not identical with those which determine the inhibitory effect rela- 
tive to mumps virus. The possible mechanisms of the inhibition of viral multi- 
plication by means of polysaccharides are discussed. 
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THE EFFECT OF POLYSACCHARIDES ON THE REACTION 
BETWEEN ERYTHROCYTES AND VIRUSES, WITH 
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In the accompanying paper (1) it is shown that the capsular polysaccharides 
of type-speci&c Friedlander bacilli inhibit the multiplication of mumps vims 
in the allantoic sac of the chick embryo, yet have no demonstrable effect upon 
the multiplication of influenza A, influenza B, or Newcastle disease vimses. 
In an earlier report (2) it was demonstrated that polysaccharides of diverse 
origin, including the capsular polysaccharide of Friedlander bacillus type B, 
cause inhibition of the multiplication of pneumonia vims of mice (PVM) in 
the mouse lung. Because the active polysaccharides failed to cause inhibition 
of hemagglutination by PVM or to reduce the capacity of the normal mouse 
lung to combine with the vims (2), it was concluded that inhibition of the mul- 
tiplication of PVM cannot be explained on the basis of blockade of vims “re- 
ceptors.” Recently, Green and Woolley (3) have reported that apple pectin 
inhibits the multiplication of influenza A vims in the allantoic sac of the chick 
embryo, and have found that the polysaccharide also causes inhibitions of he- 
magglutination by the vims. These workers suggested that inhibition of 
multiplication and hemagglutination of the vims by a polysaccharide might be 
closely related phenomena. 

The results of preliminary experiments (4) with mumps, influenza A, influ- 
enza B, and Newcastle disease vimses indicated that the capsular polysac- 
charide of Friedlander bacillus type B causes inhibition of hemagglutination 
with each of the agents studied. Although polysaccharide-treated erythrocytes 
do not adsorb mumps vims, they do adsorb influenza A or B vims in a manner 
sunilar to untreated erythrocytes. There are evident discrepancies in the effect 
which polysaccharides exert on hemagglutination on the one hand, and on vims 
multiplication on the other. It appeared important, therefore, to carry out 
more detailed experiments, and to determine whether the inhibition of hemag- 
glutination and multiplication of vimses by means of polysaccharides can be 
attributed to a single mechanism. 

It will be shown that with mumps vims, as with PVM (2), there is no corre- 
lation between the capacity of polysaccharides to inhibit hemagglutination and 
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multiplication of the agent respectively. It will also be demonstrated that 
polysaccharides which fail to inhibit the multiplication of influenza A, influenza 
B, and Newcastle disease viruses markedly inhibit hemagglutination by these 
agents. Moreover, it will be shown that substances which block the effect of 
polysaccharides on the hemagglutination reaction with mumps virus do not 
have a similar action upon inhibition of virus multiplication. In addition, 
evidence will be presented which indicates that the mumps virus “receptors” 
present in the allantoic membrane of the living embryo are not blocked by ac- 
tive polysaccharide. 

Materials and Methods 

Virtues . — In these studies the following viruses were employed: mumps; influenza A, PRS 
strain; influenza B, Lee strain; Newcastle disease; and PVM. The methods of cultivation 
and storage of each of these agents were identical to those already described (1, 5). Except 
for PVM each of the viruses was maintained by passage in the allantoic sac of the chick 
embryo; PVM was maintained by serial passage in the lungs of albino Swiss mice. 

Hemagglutinalion Titrations. — Chicken, human group 0, and mouse erythrocytes were in 
all instances freshly obtained, and washed 3 times with saline prior to their use. Hemag- 
glutination titrations were performed as described in the accompanying paper (1). 

Polysaccharide Preparations . — In most of the e.xperiments the capsular polysaccharides of 
Friedliinder bacilli type A (Fr.A), type B (Fr.B), and type C (Fr.C) (6, 7), respectively, were 
employed, although other polysaccharides previously studied (2) were also used. The prod- 
ucts derived from the oxidation of Fr.B by periodic acid and by treatment with alkali as 
described in the accompanying paper (1) were also utilized. 

Antiserum . — Sera from rabbits hyperimmunized with Friedlander bacillus type B (1) were 
used in specific precipitation e.xperiments. 

EXPERIMENTAL 

It appears that with each of the agents employed in this study hemagglutina- 
tion results from an interaction between the virus particles fer se and erythro- 
cytes. In order to determine the effect of polysaccliarides on the hemagglutina- 
tion reaction with these viruses, it was important to investigate the two 
components essential to the reaction as independently as possible. Therefore, 
certain experiments were designed to test the effect of treatment of virus with 
polysaccharide, while others were devised to test tlie effect of polysaccharide 
on erythrocytes. These experiments are described below. 

I. The Effect of Polysaccharides on Mumps Virus . — The capacity of mumps 
virus to cause agglutination of chicken erythrocytes in vitro after the virus had 
been treated with various polysaccharides was determined. In the following 
experiment a large quantity of Fr.B was added to undiluted virus. 

To 5 cc. of allantoic fluid infected with mumps virus was added 10 mg. of Fr.B dissolved 
in 1.0 cc. of saline. As a control, 1.0 cc. of saline alone was added to 5 cc. of infected allantoic 
fluid. This quantity of allantoic fluid was used because it is equal to the amount usually 
found in the allantoic sac of the embryos employed. The hemagglutination titer of each 
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mixture was determined immediately after preparation, following which the mixtures were 
held at 35°C. Aliquots were removed after 24 and 48 hours and their hemagglutination titers 
determined in duplicate in the usual manner. 

As is shown in Table I it was found that there was no diminution in the 
capacity of mumps virus to cause hemagglutination even after holding the virus 
at 35°C. for 48 hours in the presence of 10 mg. of Fr.B . It should be pointed out 
that the quantity of polysaccharide employed in this experiment was 5 times 
greater than the largest amount used in e.xperiments on the inhibition of multi- 
plication of mumps virus in vivo and 2,000 times greater than the smallest quan- 

TABLE I 


The Eemagglulination Capacity of Mumps Virus after Treatment of a Constant Quantity 
with the Capsular Polysaccharide of PriedlSnder Bacillus Type B 


Treatment o£ mumps vims 

Itesults ol hemagglutination test 

Hemag- 

glutina- 

tion 

titer* 


Dilution 

* of allantoic fluid 


Mixture 

Time 


4 

8 

16 

32 

61 

128 

256 512 

5,0 cc. 

1,0 cc. 

htt* 

'C. 










MV allantoic fluid 

Saline 

0 


4 

3 

3 

3 

3 

2 


0 

128 

it l( it 

If 

24 

35 

3 

3 

3 

3 

3 

2 

1 

0 

It 

If 11 If 

it 

48 

it 

3 

3 

3 

3 

2 

2 

± 

0 

it 

MV allantoic fluid 

Fr.B 

0 


4 

3 

3 

3 

3 

2 

± 

1 

0 

128 


10 mg. 












(( it U 

<1 it 

24 

35 

4 

3 

3 

3 

3 

2 

± 

0 

It 

it If it 

If a 

48 

If 

4 

3 

3 

3 

3 

2 


0 

(t 


’Expressed as the reciprocal. 


tity of Fr.B which is effective in causing inhibition of multiplication of the virus 
in the allantoic sac (1). 

In order to determine whether a great excess of polysaccharide would affect 
the hemagglutinating capacity of mumps virus, additional experiments were 
performed in which decreasing amounts of virus were treated with large quanti- 
ties of various polysaccharides. 

Serial twofold dilutions of allantoic fluid infected, with mumps virus were prepared in saline 
solutions of Fr.B in a concentration of 2.0, 5.0, and 10 mg. per cc., respectively. In addition, 
similar dilutions of virus were prepared in solutions containing 5 mg. per cc. of Fr.B which 
had been treated with OH." at pH 12.3 for 24 hours at 37°C. (1) and in solutions of the capsular 
polysaccharide of pneumococcus type IH. The mixtures were held either at room temperature 
or at 37°C. Immediately after preparation, as well as at 1, 2, and 3 hours, aliquots of each 
dilution were tested for their capacity to cause agglutination of chicken erythrocytes. Simi- 
lar experiments were also carried out rvith influenza A, influenza B, and Newcastle disease 
viruses diluted in a saline solution containing 5 mg. per cc. of Fr.B. 
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The results of these experiments are shown in Table H. In no instance was 
the virus hemagglutination titer lower than that of the saline control when the 
erythrocyte suspension was added immediately after dilution of virus in the 
polysaccharide solution. When each of the diluted virus-polysaccharide mix- 
tures was held at room temperature, no reduction in hemagglutination titer 
occurred during 2 hours, and only in the case of mumps virus did two- to four- 
fold reductions in titer occur after 3 hours. When mixtures were held at 37°C. 

I 

TABLE n 


The nemaggluiinaling Capacity of Variotts Viritses after Treatment of Decreasing 
Quantities with Different Polysaccharides 


Virus 

Treatment 

Hemac- 

glutina- 

tion 

titer* 

Ilemag- 
glutinat- 
mg units 
of virus 
inhibited 

Degree of 
inhibition of 
virus multipli- 
cation obtained 
in rirat 

Log 

Dilutioas of virus prepared in 

Time 

Temper- 

ature 


S ms./cc. 

Ari, 

•c. 




MV 

NaCl (control) 

3 

37 

128 

— 



Fr.B 

0 


a 

0 

-1.98 

t( 

tt 

1 

23-25 

tt 

tt 


H 

tt 

3 

tt 

32 

2 


« 

tt 

1 

37 

tt 

tt 



tt 

3 

tt 

16 

4 


tt 

Fr.B treated with OH“ 


tt 

It 

tt 

-0.13 


at pH 12.3 






it 

Pneumococcus type III 


tt 

8 

8 

-0.73 

lAV (PR8) 

NaCl 

it 

tt 

512 

— 


11 tt 

Fr.B 

tt 

tt 

It 

0 

-0.52 

IBV (Lee) 

NaCl 

tt 

tt 

1024 

— 


tt tt 

Fr.B 

tt 

tt 

(C 

0 

-0.15 

NDV 

NaCl 

tt 

tt 

c< 

— 


tt 

Fr.B 

tt 

tt 

512 

1 

-0.07 


* Expressed as the reciprocal, 
t Cf. accompanying paper (1). 


no significant decrease in titer was observed with any virus except mumps. 
After 1 hour at 37°C. in the presence of Fr.B mumps virus showed a reduction 
in hemagglutination titer of two- to fourfold, while after 3 hours the titer was 
reduced four- to sixteenfold. It will be noted that, when tested against decreas- 
ing amounts of mumps virus, Fr.B treated with OH“ showed as striking an 
effect as untreated Fr.B in causing a reduction of the hemagglutination titer 
of the virus despite the fact that this degradation product is completely incap- 
able of causing inhibition of mumps virus multiplication (1). Likewise, the 
capsular polysaccharide of pneumococcus type III caused marked inhibition of 
hemagglutination by mumps virus under the conditions of these experiments, 
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but failed to cause significant inhibition of the multiplication of the virus in the 
allantoic sac (1). The product of oxidation of Fr,B by HIOi and the untreated 
capsular polysaccharides of Friedlander bacilli tj^es A and C were not used 
because each substance itself caused agglutination of chicken red blood cells 
under the conditions of these experiments. 

11. The Efecl of Trealmenl of Erylhrocyies with Polysaccharide . — The ca- 
pacity of mumps virus to cause agglutination of chicken erythrocytes in vitro 
after the red blood cells had been treated with polysaccharide was determined. 
In a ■similar manner, the effect of such treatment of erythrocytes derived from 
various species upon hemagglutination with influenza A, influenza B, and New- 
castle disease viruses as well as PVM was also studied. 

Fresh suspensions of chicken, human group O, or mouse erythrocytes were prepared in 
saline as well as in saline solutions of various polysaccharide preparations. The concentra- 
tion of erythrocytes employed was either 3 or 10 per cent. The various polysaccharides 
employed were: (1) Fr.B; (2) the product of oxidation of Fr.B by HIO< for 160 minutes (1); 
(3) degradarion product of Fr.B following treatment with OH~ at pH 11.6 for 24 hours at 
37°C. (1); (4) capsular polysaccharides of Friedlander bacilli types A (Fr.A) and C (Fr.C), 
respectively. The concentrations used were either 2 or S mg. per cc. The various erythrocyte 
suspensions were held at room temperature for at least 3 hours. In certain instances they 
were held at 4°C. for an additional 12 to 18 hours. Following this treatment, the erythrocy tes 
were washed 2 or 3 times with saline. It was found, however, that washing was not an im- 
portant step because the results were the same whether the erythrocytes were washed or not 
Following treatment, the erythrocytes were diluted with sufficient saline to give 0.5 per cent 
suspensions. Hemagglutination titrations were then carried out with serial twofold dilutions 
of the following viruses; mumps, mfluenza A, influenza B, Newcastle disease, and PVM. 

The results of experiments with erythrocytes treated with 5 mg. per cc. of 
Fr.B are shown in Table III. It was found that treated chicken erythrocytes 
were, in most instances, entirely inagglutinable by either mumps or influenza 
B virus. Similarly, chicken erythrocytes treated with Fr.B were agglutinated 
by both influenza A and Newcastle disease viruses at significantly lower virus 
cautions than were control cells. It will be noted that mouse red blood cells 
similarly treated were agglutinated by as high a dilution of PVM as control 
etythrocytes. However, the treated cells were not agglutinated by as high a 
dilution of influenza A virus as were control cells. Influenza B virus consist- 
ently failed to agglutinate untreated mouse red blood cells. Human group 0 
erythrocytes treated with Fr.B showed no diminution in agglutinability with 
either influenza A or influenza B virus. That the polysaccharide had been 
adsorbed by both human and chicken erythrocytes was readily demonstrated 
by agglutination tests with Fr.B immune rabbit serum. The treated erythio- 

^tes, even though washed repeatedly, were markedly agglutinated by anti- 
Fr.B serum. 

The results of an e.xperiment with mumps virus and chicken erythrocytes 
treated with Fr.B, the alkali degradation product of Fr.B, the product of oxida- 



416 POLYSACCIIAIUDE EFFECT ON VUIUS-ERYTHROCYTE REACTION 

tion of Fr.B witli HIO^, or the capsular polysaccharides of Friedliinder bacilli 
types A and C, respectively, are presented in Table IV. Each of the polysac- 
charide preparations was used in a concentration of 2 mg. per cc. in the treat- 
ment of the red blood cells. 

It will be noted that both unaltered Fr.B and the product derived from it 
after alkaline hydrolysis altered red blood cells sufficiently so that the hemag- 
glutination titers obtained were significantly lower than the control. The 
product of oxidation with HIOi caused only a twofold reduction in titer, whereas 

TABLE III 


The Effect of Treatment of Erythrocytes v.<ith the Capsular Polysaccharide of Friedliinder 
Bacillus Type B on Ilemagglutination Titration End Points with Various Viruses 


Virus 

Erythrocytes* 

IIcinaRgluUnation tiler 
determined with 

Hemaggluti- 
nating units of 
virus 
inhibited 

Defjree of 
inhibition of 
virus multipli- 
cation in rtrJ§ 
Log 

Control 

RUC 

Fr.B- 

treated 

RBCt 

MV 

Chicken 

128 

0 

128 

-2.11 

lAV (PR8) 

Chicken 


64 

8 



Human 

mSm 

256 

0 

-0.52 


Mouse 


128 1 

4 


IBV (Lee) 

Chicken 

1024 

0 

1024 



! Human 

128 

1 128 

0 

-0.15 


Mouse 

0 




NDV 

Chicken 


64 

32 

-0.07 

PVM 






(heat-released) 

Mouse 

128 

256 

0 

-1.97 


* 0.5 per cent suspension. 

f Erythrocytes were treated with 5 mg. per cc. of Fr.B for 3 hours at room temperature. 
§ Cf. references 1 and 2. 


the polysaccharides Fr.A and Fr.C caused no demonstrable effect. As is shown 
in the accompanying paper (1), Fr.A, Fr.C, and the product of oxidation of 
Fr.B with HIO^ inhibit the multiplication of mumps virus in the allantoic sac 
as effectively as does untreated Fr.B ; however, the product of alkaline hydroly- 
sis of Fr.B does not. 

The results of the experiments described above indicate that the treatment 
of erythrocytes with polysaccharide preparations may lead to a variety of 
effects as regards the agglutination of such red blood cells by viruses. The 
species from which the erythrocytes were derived, the particular polysaccharide 
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employed, as well as the nature of the chemical treatment to which it had been 
subjected, and the identity of the virus itself are all factors which require inde- 
pendent consideration. A change in any one of these variables, with no change 
in either of the others, so altered the results as to make systematic prediction 
virtually impossible. 

III. Adsorption of Viruses by Polysaccharide-Treated Erythrocytes . — ^In view 
of the fact that certain polysaccharides reduced or eliminated the agglutinabil- 
ity of chicken erythrocytes by various vuruses, it was of interest to determine 
whether this alteration was accompanied by a corresponding reduction in the 
ability of treated red blood cells to adsorb viruses. The results of prehminary 

TABLE IV 

The Effect of Treatment of Chichen Erythrocytes with the Capsular Polysaccharides of 
Type-Specific Friedldiider Bacilli and Certain Degradation Products on 
Hemagglutinaiion Titration End Point with Mumps Virus 


Eiythrocytes treated* yrith 

Htmagglu* 
tlnatioii titer 

t 

Hcmagglu- 
tinatin^ units of 
virus mhiblted 

Decree of inhU 

1 bitjoo of virus 

1 multiplication 
lobtaincd in vivoX 

1 hog 

Z mt.Icc. 




Nad (control) 

128 



Fr.B 

16 

4 

-2.11 

“ treated with 0H“ at pH 11.6 

32 

2 

-0.14 

“ “ “ BIO, 

64 

1 

-1.58 - 

Fr.A 

128 

0 

-1.36 

Fr.C 

ff 

(f 

-2.06 


* 3 per cent suspensions were treated for 3 hours at room temperature and then washed 
3 times with saline. 

t Cf. accompanying paper (I). 


experiments (4) indicated that with influenza A and B viruses the extent of 
the reduction in these two properties was not proportional. With mumps virus, 
on the other hand, the capacity of treated erythrocytes to adsorb and to be 
agglutinated by the agent was correspondingly diminished. 

Ten per cent suspensions of chicken erythrocytes were prepared in saline solution contain- 
ing 5 mg. per cc. of Fr.B; control suspensions were prepared in saline containing no polysac- 
charide. The suspensions were held at room temperature for 3 hours and then stored at 4°C. 
for 12 to 18 hours. Shortly before use the erythrocytes were washed 2 to 3 times with 
The packed red blood cells were then made to 10 per cent suspensions in undiluted allantoic 
fluid infected with either influenza A, influenza B, or mumps virus. The cell-virus mktures 
were again held at room temperature and frequently shaken. At intervals aliquots were 
removed, centrifuged at VC., and the supemates withdrawn. The hemagglutination titers 
of all supemates obtained from a single experiment were determined simultaneously. 
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The results of typical experiments are presented graphically in Fig. 1. It 
was found that both influenza A and B viruses were adsorbed by and eluted 
from treated erythrocytes in a manner closely similar to their adsorption by 
and elution from control red blood cells. This result was particularly surpris- 
ing in view of the finding that erythrocytes similarly treated showed greatly 
diminished agglutinability with these two viruses. In the case of mumps virus 



Fig. 1. The adsorption of influenza A (lAV), influenza B (IBV), and mumps (MV) viruses 
by chicken erythrocytes treated with the capsular polysaccharide of Friedlander bacillus 
type B. 

it was found that Fr.B-treated erythrocytes failed entirely to adsorb demon- 
strable amounts of the agent, whereas control erythrocytes adsorbed most of 
the virus from the allantoic fluid. 

Similar experiments were carried out with chicken red blood cells treated 
with the capsular polysaccharide of Friedlander bacillus type C (Fr.C). Such 
erythrocytes were capable of adsorbing mumps virus in a manner similar to 
control cells. It will be recalled that the agglutinability of red blood cells 
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treated with Fr.C also was undiminished when tested with mumps virus {cf. 
Table IV). It should be emphasized, however, that Fr.C was shown to be as 
effective an inhibitor of mumps virus multiplication as Fr.B (1). 

The results of these experiments indicate clearly that polysaccharide-treated 
erythrocytes, even though completely inagglutinable by a particular virus, inay 
or may not adsorb that virus. It appears of considerable interest that treated 
erythrocytes which failed to agglutinate visibly in the presence of more than 
500 agglutinating units of influenza B virus were nonetheless capable of adsorb- 
ing the virus in apparently undiminished degree, whereas such red blood cells 
failed to adsorb mumps virus. 

JV. Adsorflion of Mumps Virus by the Allantoic Membrane . — ^The finding 
that chicken erythrocytes treated with Fr.B did not adsorb miunps virus in 
vitro raises the possibility that a similar effect might be demonstrable with the 
living chick embryo. Experiments were therefore carried out to determine 
whether mumps virus was adsorbed from the allantoic fluid by normal and 
polysaccharide-treated allantoic membranes. 

Normal chick embryos 9 to 11 days of age were employed. About one-half the shell over 
the air sac was removed, and part of the shell membrane was tom away. All allantoic fluid 
possible was removed with a syringe and needle through an avascular area in the chorioal- 
lantoic membrane. Four cc. of saline solution containing 10 mg. per cc. of Fr.B was then 
injected into the allantoic sac. Control embryos likewise received 4 cc. of saline. After in- 
jection embryos were held at 35°C. for 3 hours. In some instances this period was prolonged 
to 12 to 14 hours. All fluid possible was again removed from the allantoic sac. Mumps 
virus was diluted either in buffered saline or in a saline solution of Fr.B, 10 mg. per cc., and 
2.0 cc. was injected into the allantoic sac. The virus was diluted sufficiently to give the final 
fluid in the sac a hemagglutination titer ranging from 1:16 to 1:64. After thorough mixing 
of the fluid in the allantoic sac by drawing it back and forth into the syringe, 1.0 cc. was 
promptly removed. At intervals thereafter similar amounts were withdrawn. It was pos- 
sible to obtain only a limited number of spedmens, usually 3, from each embryo. The hemag- 
glutination titer of each specimen was determined in the usual maimer. In every instance 
It was possible to maintain the embryo in a living state throughout the entire experiment. 

The results obtained in four separate experiments are presented graphically 
m Fig. 2. It was found that even when the allantoic sac had been treated for 
a number of hours with large quantities of Fr.B, mumps virus was nevertheless 
adsorbed from the fluid. Even when the allantoic membrane of the living em- 
bryo was treated with 40 mg. of Fr.B for 14 hours at 35°C. before injection of 
virus, and the latter diluted in a 1.0 per cent solution of the polysaccharide, no 
decrease in adsorption was demonstrable. It is obvious that these results are 
strikingly different from those obtained with chicken erythrocytes which had 
been treated with Fr.B in vitro. It appears that the polysaccharide, even in 
large amount, does not alter the living cells of the allantoic membrane as it 
does red blood cells, and that mumps virus “receptors” of allantoic membrane 
cells are not blocked by the presence of Fr.B. 
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V. The Ejjecl of Ribonucleic Acid on the Aclivily of Polysaccharide {Fr.B).~ 
In an attempt to find a substance which would neutralize or block the inhibitory 
action of polysaccharide (Fr.B) with respect to the hemagglutinating activity 
of mumps virus, the effect of ribonucleic acid was studied. 


A solution of commercial yeast nucleic acid (Boehringer) having a concentration of 50 
mg. per cc. in saline was prepared, and the pH adjusted to 7.1. The solution was sterilized 
by filtration. Equal volumes of nucleic acid solution and a solution of Fr.B, 10 mg. per cc. 
in saline, were muted and held at room temperature for 15 minutes before use. Chicken 
erytlirocytes were treated with the mixture as described above. The capacity of mumps 
virus to agglutinate treated red blood cells was then determined. 





Fig. 2. The rate of adsorption of mumps virus by the living allantoic membrane following 
treatment with the capsular polysaccharide of Friedliinder bacillus type B (Fr.B). 

The results of a typical experiment are shown in Table V. It is seen that, 
although chicken erythrocytes treated with Fr.B alone were not agglutinated 
by mumps virus, cells treated with a mixture of the polysaccharide and ribonu- 
cleic acid were agglutinated by almost as small quantities of virus as control 
erythrocytes. Treatment with ribonucleic acid alone had no effect on the he- 
magglutination reaction. 

Adsorption and elution of mumps virus with chicken erythrocytes previously 
treated with a mixture of Fr.B and ribonucleic acid were also studied. The 
results are presented graphically in Fig. 3. It was found that the virus was 
adsorbed and subsequently eluted from the treated red blood cells in a manner 
closely similar to that observed with control erythrocytes. Cells treated with 
Fr.B alone failed to adsorb mumps virus. • In other e.xperiments it was found 
that after red blood cells had been treated with Fr.B, die addition of ribonucleic 
acid in amounts as large as 50 mg. per cc. failed to cause dissociation of the 
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erythrocyte-polysaccharide conibinatioii. Cells treated in this manner re- 
mained inagglutinable by mumps virus. 

Because ribonucleic acid blocked the in vUro activity of polysaccharide, it 
appeared of interest to determine whether this substance would also neutralize 
the in.vivo activity of Fr.B with respect to mumps virus. The effect of a mix- 
ture of Fr.B and nucleic acid on the multiplication of virus in the allantoic sac 
was therefore studied. 


TABLE V 


Hemagglutination Titrations mth Mumps Virus and Chicken Erythrocytes Treated with 
the Capsular Polysaccharide of Friedlander Bacillus Type B and Ribonucleic Acid. 


Erythrocytes treated* with 

Hemagglutination titer 

Fr.B 

Ribonticlcic acid | 

miJcc. 

mgjcc. 1 


0 

0 

128 

5 1 

0 

0 

“t 

2St 

64 

0 

u 

128 


* Treated for 3 hours at room temperature and then washed 2 times with saline, 
t These substances were mixed and held at room temperature for 20 minutes before 
erythrocytes were added. 



Fig, 3, The rate of adsorption of mumps virus by chicken erythrocytes following treatment 
with the capsular polysaccharide of Friedlander bacillus type B (Fr.B) and ribonucleic acid. 

Saline solutions of Fr.B containing from 10 to 0,5 mg. per cc. were mixed with equal volumes 
o£ solutions of ribonucleic acid, 50 mg. per cc. After a period of 20 to 30 minutes at room tem- 
perature, 0.2 cc. of each mixture was injected into the allantoic sac of 7 to 9 day old embryos. 
Each embryo received from 0.05 to 1.0 mg. of Fr.B and 5 mg. of nucleic acid. In some experi- 
ments a mixture containing 2 mg. of Fr.B and 10 mg. of ribonucleic acid was injected. After 
an interval of 3 hours, either 10 or 100 E.I.D. of mumps virus was inoculated into the allantoic 
sac. The embryos were incubated at 35°C. for 6 days. They were then chilled overm'ght 
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at 4‘’C., the allantoic fluid removed, and tlic hemagglutination titer of each fluid determined 
(1). At least 4 embryos were used in each group, and at least 2 groups of control embryos 
were employed in each experiment. 

The results are shown in Table VI. It will be noted that ribonucleic acid 
had no effect on the capacity of the polysaccharide to inhibit the multiplication 
of mumps virus even when 100 times more nucleic acid tlian Fr.B was employed. 

The results of tliese e.xperiments indicate clearly that ribonucleic acid is ca- 
pable of blocking the inhibitory effect of polysaccharide (Fr.B) on the hemag- 
glutination reaction with mumps virus, but has no blocking action on the 
inhibitory effect of Fr.B on multiplication of the virus. 


TABLE VI 


The EJfccl of the Capsular Polysaccharide of Fricdldndcr Bacillus Type B and Ribontwlcic 
Acid on the Multiplication of Mumps Virus in the Chick Embryo 


1st injection 

Intra-allantoic 

Inter- 

val 

2nd injection 
Intra- 
albntoic 

Incu- 
bation at 
35* C. 

Hemagglu- 
tination titer 
of allantoic 
Quids 

Log 

Diifereucc 

from 

controls 

Log 

ms./emhrya 

hrs. 

EJJ>. 

days 



Fr.B, 2 mg. 

3 

MV 10 

6 

0 

-1.52 

Fr.B, 0.05 mg- 

C( 

“ ICP 

It 

-0.99 

-1.41 

Fr.B, 2 mg. + ribonucleic acid, 10 mg. 

4 ( 

« 10 

it 

0 

-1.52 ■ 

Fr.B, 0.05 mg. + ribonucleic acid, 5 

(1 

“ 1(F 

tt 

-1.03 

-1.37 

mg. 

Ribonucleic acid, 10 mg. 

(( 

“ 10 

It 

-1.81 

-fO.29 

<• « 5 « 

U 

“ 10* 

« 

-2.16 

-0.24 


DISCUSSION 

The results of the experiments presented in this communication and those 
described in the accompanying paper (1) indicate clearly that there is no corre- 
lation between the effects of polysaccharides on the hemagglutination reaction 
with viruses and their inliibitory action on the multiplication of viruses. Had 
a definite correlation been demonstrated, it would have been possible to put 
forward a relatively simple 1 i 3 T>o thesis regarding the probable mechanism of the 
inhibitory action of polysaccharides with respect to virus multiplication. 

Not only do some polysaccharides which markedly inhibit hemagglutination 
by one virus in vitro fail entirely to inhibit multiplication of the same virus in 
vivo, but others which are highly effective as inhibitors of the multiplication of 
of a virus are without discernible effect on tlie hemagglutination reaction with 
the same agent. Green and Woolley (3) also noted that some carbohydrates 
which inhibited hemagglutination with influenza A virus did not reduce multi- 
plication of the virus. 
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The results obtained with the Friedlander type B polysaccharide after chemi- 
cal alterations provide strong support for the concept that inhibition of he- 
magglutination and inhibition of multiplication of viruses are not closely 
related phenomena. Certain chemical changes induced in the carbohydrate, 
as for example treatment with OH , entirely abolish inhibitory activity with 
respect to virus multiplication without markedly diminishing the capacity of 
the carbohydrate to inhibit viral hemagglutination. Other chemical altera- 
tions, such as treatment with HlOr, almost eh'minate inhibitory activity with 
respect to hemagglutination but leave unaffected the capacity to inhibit multi- 
plication of the agent. In the light of these observations it appears improbable 
that, with respect to inhibition by a polysaccharide, the erythrocyte component 
which reacts with a virus is closely related to the constituents of susceptible 
tissue cells essential for multiplication of that virus. 

De Burgh and his coworkers (8) have recently shown that one component of 
human erythrocytes which reacts with influenza A virus is, in large part, poly- 
saccharide. The nature of the component of susceptible tissue cells which 
appears to react with influenza A virus (9) in a similar manner is not yet known. 
However, evidence has been obtained indicating that the component present 
in normal mouse lung tissue which reacts with PVM is not polysaccharide but 
probably protein in nature (10). Nonetheless, the multiplication of PVM in 
the mouse lung is inhibited by certain polysaccharides (2). 

Were the inhibition of hemagglutination to be satisfactory as a model for the 
study of the mechanism by which virus multiplication is inhibited in vivo, it 
appears necessary that inhibition of hemagglutination be associated with in- 
hibition of adsorption of viruses by erythrocytes. It is evident from the results 
obtained that these two properties are not correlated, for some polysaccharides 
completely inhibit hemagglutination, yet have no demonstrable effect upon 
adsorption of the same virus by erythrocytes. Had these properties been as- 
sociated, it would have been necessary to show that adsorption of virus by 
susceptible tissue cells is prevented by polysaccharide before the validity of the 
erythrocyte-virus model could be assumed. With mumps virus in the allantoic 
sac, as also with PVM in the mouse lung (2), it appears that such is not the 
case. In both instances, despite the presence of relatively large amounts of a 
polysaccharide highly active as an inhibitor of virus multiplication, apparently 
unaltered adsorption of virus by tissue cells occurs. Thus, the first step in the 
establishment of infection with a virus, i.e. combination or union between virus 
particles and susceptible cells, is not prevented by polysaccharides which are 
active as inhibitors of virus multiplication. 

SDilMARY 

Polysaccharides which cause inhibition of the multiplication of mumps virus 
in the allantoic sac may or may not cause inhibition of hemagglutination by 
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tlie virus. Moreover, such substances may or may not prevent adsorption of 
the virus by erytlirocytcs. Tlie available evidence indicates that polysac- 
charides active as inhibitors do not block adsorption of mumps virus by cells of 
the living allantoic membrane. With influenza A, influenza B, and Newcastle 
disease viruses, as well as with PVM, there also appears to be a lack of corre- 
lation between the in vitro and in vivo inhibiting activity of polysaccharides. 
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AN OSMOTIC SYSTEM WITHIN THE CYTOPLASM OF CELLS* 
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A study of the cytoplasm of cells of normal organs and of tumors has given 
evidence that it consists in great part of discrete particles, cytochondria, with 
surface properties that make them permeable to water and to other substances 
(1). They have an outer rim that takes up stains and a clearer or unstained 
center. Basophile substance which is demonstrably ribonucleic acid (2) in 
hver cells and some other tissues may accumulate at their surface, perhaps 
by adsorption. Of the bodies that I have designated cytochondria, only a part 
have the characteristic staining reactions of mitochondria. The latter in the 
presence of certain solvents or as the result of pathological changes such as 
those accompanying chloroform poisoning or with the transformation of liver 
cells into cells of hepatoma lose their distinctive reactions and become appar- 
ently indistinguishable from other cytochondria. 

When liver or kidney tissues are immersed in distilled water or in hypotonic 
solutions, the cytochondria, including mitochondria, swell and become spheri- 
cal bodies, now readily recognizable by high power magnification. With fur- 
ther swelling, the swollen bodies are crowded against one another so that their 
stained rims and clear centers give a foam-like appearance to the cytoplasm. 
The purpose of the present study is to define some of the conditions under which 
these bodies undergo osmotic swelling. 

Methods 

The occurrence of minute intracellular bodies with surface properties that 
bring about osmotic changes within the cytoplasm has suggested the need of a 
quantitative method by which the intake of water may be compared with co- 
incident changes in these cytoplasmic structures. The method introduced by 
Phillips, Van Slyke, and their coworkers (3) for determination of the specific 
gravity of the plasma has been found to be adaptable to the measurement of 
changes in the specific gravity of parenchymal tissues under various conditions. 

Small pieces oi tissue have been inserted below the surface of copper sulfate solutions mth 
graded specific gravity. The preparation of these solutions has been described in detail in 
the publication cited. 1 have found it convenient to use solutions of copper sulfate in quanti- 

* This study has been conducted with the aid of granU from The Jane Coffin Childs Me- 
morial Fund for Medical Research and The Anna Fuller Fund. 
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ties of ICO cc. viirying in sjiecific gravity from 1.010 to 1.110 .and differing in succession 
l)y 5 units. Standardized liydroineters have been used to test the specific gravity of the solu- 
tions that have been used and to determine when they have become altered by repeated 
use. 

Slices of liver or other tissue have been cut with a r;uor blade about 0.5 mm. in thicknea 
and 5 or 6 mm. across and immersed in different Iluids. At intervals, shortest during the 
early period of immersion, a slice has been removed from the fluid and its specific gravity 
determined. Excess of fluid has been removed by applying the slice to the surface of cotton 
gauze, the flat surfaces of the slice being applied to the gauze at lc.ast twice. Small particles 
of the tissue, about 1 mm. across, cut with the razor blade from the slice, are used for the tests. 
"I hey have been at first introduced below the surface of the copper sulfate solution by a finely 
pointed stainless steel forceps and gently forced from the forceps by a narrow platinum 
spatula but later a special device has been used to launch the particle below the surface of 
the copper sulfiatc solution with the lc.ast possible momentum. A straight platinum wire 
fixed in a holder imsscs through two loops, one at the end and the other about 1 cm. from the 
end of a second wire fixed in another holder. The tissue particle brought into contact uath 
the end of the straight wire adheres to it and c.an be inserted below the surface of the copper 
sulfate solution. The lower loop of the other wire guided by the upper loop is used to push 
the particle of tissue from the end of the straight wire. It is essential that the particle be 
projected into the fluid with the least iiossible momentum because the particle rises or rinks 
with relation to its own specific gravity in the short interval before its density is changed 
by contact with the test fluid. If the particle rises only a millimeter or two at this time, 
its specific gravity is evidently less than that of the solution. The specific gravity of the 
particle has been recorded as that of the least concentrated solution of copper sulfate in which 
it rises. 

For comp.arison with water intake of tissues after immersion in different fluids, as deter- 
mined by their specific gravity, changes in the cytoplasm of cells have been studied in tissue 
fixed after removal at intervals from the immersion fluid. Tissues were from white rat or 
guinea pig and when not othenvise designated were from the rat. FLxation in a nuxture of 
lanthanum acetate (tenth molar) and formalin (10 per cent) as described in an earlier publi- 
cation (1) has been used because mitochondria arc distinguishable from other cytochondria 
which do not give the mitochondrial stain, the former staining with the basic dye (methylene 
blue with azure II) and the latter with the acid dye (phloxin or rose bengal). The basophile 
substance which forms clumps in the liver cells and gives the reactions of ribonucleic acid is 
well defined by the Gierasa stain after fixation in lanthanum acetate and formalin or in Zenker’s 
fluid with or without acetic acid. Mitochondria have been stained by aniline fuchsin or by 
iron hematoxylin after fixation in Regaud’s fluid. It is noteworthy that methylene blue, 
after fixation in lanthanum acetate, and formalin and iron hematoxylin, after fixation in 
Regaud’s fluid, stain both mitochondria and the basophile substance of the cytoplasm whereas 
aniline fuchsin by the usual procedure stains mitochondria alone. 

The changes that are produced by the penetration of fluids into excised pieces 
of tissue, as might be expected, are not uniformly distributed. Immediate and 
often severe changes occur at the surface where tlie fluid, unchanged by passage 
through the tissue, comes into contact with surviving cells. The injury which 
ensues doubtless modifies the further penetration of the fluid. In the earliest 
period of immersion, cellular changes are almost wholly limited to a superficial 
zone but when ultimately the interior of the tissue is implicated, the subsequent 
changes tend to be uniform. 
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The changes that accompany immersion are doubtless in part supravital but 
the difficulty of determining when, during their progress, death of cells occurs 
is considerable. All of the fluids that have been used, including Ringer’s solu- 
tion and even blood serum, produce conspicuous changes in the tissue. 

I Changes in Liver Immersed in Water 

When liver tissue in thin slices is immersed in distilled water, its specific 
gravity falls rapidly during the first 15 minutes, decreasing from the normal 
level of liver tissues, between 1.090 and 1.100, to approximately 1.055 (Text-figs. 
1 to 3, 7 to 10). During the next 15 minutes, decrease of specific gravity is less 
rapid and during the next half hour still slower. After 2 hours, an approximate 
equilibrium is established and the specific gravity of the immersed tissue is main- 
tained at 1.025 or somewhat less. A slight diminution of specific gravity may 
occur after 3 hours in water. 

Liver immersed in water undergoes immediate change with considerable evi- 
dence of injury in a narrow zone about the surface of the slice of tissue. After 
from 10 to 15 minutes of imm ersion, the cytoplasm of cells about the edges of 
the tissue becomes foam-like and is no longer stained bj' the basic dye (Fig. 1, 
A). Mitochondria here are not stained and the clumped basophile substance 
of the cytoplasm (ribonucleic acid, 2) has disappeared. The cytoplasm is 
stained only by the acid dye (pink with rose bengal). The cells at the outer- 
most margin of the tissue show more evidence of injury than those in the deeper 
part. Here the cytoplasm of ceUs does not have the imiform foam-like appear- 
ance seen elsewhere but the vacuolar spaces that give the foam-like appearance 
are irregular in size and shape and the partitions between them are fragmented 
in places. The nuclei of these cells stain faintly, the chromatin is in fine parti-, 
cles, and the nuclear membranes are thin and indented. 

Next to this outer acidophile zone and in places with an abrupt margin is a 
zone (Fig. 1, J3) in which material stained by the basic dye is apparently con- 
centrated and deeply stained. Some cells are homogeneously stained but most 
of them have cytoplasm that is foam-like as in the outer zone but with deeply 
stained basophile substance in the interstices between the clear spaces (Fig. 7). 
With the Giemsa stain (which does not stain mitochondria) the basophile sub- 
stance is well stained. 

At the same time changes are in progress in a third zone (Fig. 1, C) which 
merges with the unchanged interior of the tissue. In this zone, cells are swollen 
and their outlines are sharply defined. With the mitochondrial stain (methyl- 
ene blue after fixation in lanthanum acetate and formalin) mitochondria may 
be spherical and much swollen (Figs. 12 and 13). Some of the swollen mito- 
chondria may have a vesicular appearance with a center h'ghtly stained or un- 
stained and a narrow rim of mitochondrial stain (not defined in the photographs; 
see diagram Fig. 14, c). It is evident that the mitochondria are losing their 
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distinctive renctioa but they remain as spJierical bodies stained by the acid 
dye. riiesc have a vesicular appearance because their rims stain more deeply 
than their centers (see diagram Fig. 14, r/). In many cells mitochondrial stain 
has disappeared almost completely but, presumably in a transitional stage, a 
minute round particle with mitochondrial stain may be seen at the periphery of 
the acidophile body (Fig. 14, e). 

The changes that occur at the surface of the slice of liver c.xtend more deeply 
during 1 hour of immersion (Fig. 2) but are otherwise similar to those that have 
been described. The changes of the innermost zone (Figs. 1 and 2, C) spread 
throughout the interior of the immersed tissue. No normal mitochondria are 
visible and the swollen cells contain swollen vesicular bodies. These bodies 
are at first discrete (Fig. 5) but later, after about 2 hours, pressed against one 
another, they give an almost uniform foam-like appearance to the cytoplasm 
(Fig. 6). 

The basophile substance which forms a conspicuous peripheral zone (Figs. 1 
and 2, JB) in the early period of immersion is diminished after 1 hour and has 
disappeared after 2 or 3 hours. Basophile substance in the interior of the tis- 
sue remains for a time as stained material irregularly distributed in the inter- 
stices between the swollen cytochondria (Fig. 6) but after 4 hours has disap- 
peared. 

Swelling of cells and of cytochondria reaches its height after 2 hours and the 
foam-like appearance of cytoplasm that results has an almost uniform appear- 
ance but later, vacuoles are often large and irregular. Diminution in the width 
of liver cell columns with corresponding increase of the sinusoidal spaces be- 
tween them suggests that rupture of distended cytochondria may have per- 
mitted some escape of accumulated fluid. 

It has seemed convenient to indicate by a series of plus signs tlje succession of changes that 
occur in the particulate bodies of the cytoplasm as the result of increase of their water con- 
tent. The immediate effect of water immersion is the appearance about the margin of the 
tissue of a narrow zone in which cytoplasm of cells has lost its basic stain and has assumed a 
foam-like appearance. In the adjacent cells cytochondria (including mitochondria) are mod- 
erately swollen but in the interior of the tissue, neither cells nor cytochondria are enlarged. 
This stage has been designated one plus (-h). With widespread entrance of water into the 
tissue, cytochondria are moderately swollen, not only at the edges but also in the interior of 
the slice of tissue (two plus, 4 — b). With further intake of water, cytochondria are seen as 
much enlarged spherical bodies usually within swollen cells (three plus, -b-f'-f-). When cyto- 
chondria are so swollen that they are in contact with one another the cytoplasm has a foam- 
like appearance (four plus, ++++). These signs on the graphs showing specific gravity 
indicate the associated changes in the cytoplasm. 

Changes in Liver Immersed in Solutions oj Sodium Chloride 

When liver tissue is immersed in solutions of sodium cliloride, change of 
specific gravity decreases with the concentration of the solution. In Text- 
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figs. 1 and 2 the specific gravity of liver immersed in 0.15 molar sodium chloride 
(slightly more than 0.85 per cent) is compared with that in distilled water. In 
the former, it diminishes slowly and reaches an approximate equilibrium at a 
level much above that after water immersion. When the concentration of 
sodium chloride is increased to 0.3 molar, there is scant intake of water and 
with greater concentration, water is lost. 

When liver is immersed in 0.15 molar sodium chloride, the zone of foam-like 
cytoplasm so promptly formed at the surface of tissue in water is not seen, but 
within 15 minutes the basophile material of the cytoplasm has disappeared 
from a peripheral zone (Fig. 3, A). Here the mitochondria retain their usual 



Text-Fig. 1. Changes in specific gravity: (a) of liver immersed in water; (5) in 0.15 molar 
solution of sodium chloride; (c) in O.IS molar potassium chloride; (d) of kidney immersed in 
water. The abscissa gives the period of immersion in minutes. Plus signs, as explained in 
the text, indicate variations in the swelling of particulate bodies (cytochondria) of the cyto- 
plasm. In the figures representing specific gravity the decimal point has been omitted. 

size and shape hut may take a somewhat modified stain (violet instead of blue 
with methylene blue after fixation in lanthanum acetate and formalin). Liver 
cells are diminished in size so that the columns of them are narrower than usual, 
with wide smusoidal spaces between them. (These changes are seen in Fig. 
9 still persisting after 3 hours of immersion.) At the outermost mar gin ^ the 
cells appear to have undergone severe injury, for their cytoplasm is fragmented, 
the chromatin of the nuclei is diminished, and nuclear membranes are thin and 
wnnkled.^ Below the peripheral zone in which liver cells have lost their baso- 
phile stain is an irregularly disposed zone in which cells are conspicuously 
b^ophile because the clumped basophile material appears to be overstained 
(Fig. 3, B). During the period from 1 to 3 hours of immersion, the two zones 
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may occupy a considerable part of tlie sectioned tissue. In tlie interior of the 
tissue, mitochondria persist longer than with water immersion. Some become 
acidophile and unchanged in size but after from 3 to 5 hours, they may be 
slightly swollen. 

When liver is immersed in stronger solutions of sodium chloride, namely, 
0.3 and 0.4 molar, the mitochondria in wide areas immediately below the sur- 
face retain their usual form and a modified stain even after 5 hours. Further 
from the surface, cells containing basophile material in conspicuous clumps are 
seen in sharp contrast with cells that have h’ghtly stained mitochondria and no 
intervening basophile material. After 3 hours mitochondrial stain in the in- 
terior of the tissue is lost in spots, basophile material has disappeared, and there 
is sb'ght swelling of cytochondria. 

Changes in Liver Immersed in Solnlions of Potassium Chloride 

Wlien liver is immersed in a 0.15 molar solution of potassium chloride, its 
specific gravity falls more rapidly than in a corresponding solution of sodium 
chloride, and approximate equilibrium is established at a lower level (Text-fig. 
1). Changes in the tissue resemble in general those in solutions of sodium 
chloride of corresponding strength. Preservation of mitochondria as re- 
cognizable bodies, usually with somewhat modified stain, is \videspread. 
The cells in which this change occurs are evidently shrunken and tlie cell col- 
umns they form are narrow. Nevertheless, in the interior of the tissue, after 
from 3 to 5 hours of immersion, spots occur in which cells are swollen, mito- 
chondrial stain is lost, and the remaining acidophile bodies are swollen. This 
swelling seems to occur earlier and becomes greater than in the corresponding 
concentration of sodium chloride but tlie diflference is not conspicuous. 

With stronger solutions of potassium chloride, 0.3 and 0.4 molar, the mito- 
chondria remain in large part well defined during 3 hours but after 5 hours the 
tissue is almost wholly acidophile and there is considerable swelling of cyto- 
chondria. 


Changes in Liver Immersed in Solutions of Calcium Chloride 

Following imm ersion in 0.15 molar calcium chloride, the changes in spedfic 
gravity resemble those in sodium chloride of the same molar concentration and 
equihbrium is reached at approximately the same level. Nevertheless, the 
changes in the tissue are not identical. There is a well defined zone at the edge 
of the tissue where mitochondria and basophile substance have disappeared 
and here, as after water immersion, cytochondria are so much swollen tliat the 
cytoplasm is foam-like. Below this acidophile zone, a sharply defined and 
deeply basophile zone is formed, but after 3 or 4 hours this has disappeared 
and the tissue is almost wholly acidophile. Throughout the tissue, though cells 
are not conspicuously enlarged, the cytochondria are much swollen. 



EDGENE 1. OPIE 


431 


Changes in Liver Immersed, in Ringer's Solution 

Liver tissue has been immersed in the modification of Ringer’s solution 
known as Krebs-Ringer solution (4) and widely used in the manometric deter- 
mination of supravital oxygen consumption of tissues. The electrolytes it 
contains are each adjusted to a molar concentration of 0.15, approximately 
isotonic for red blood corpuscles, and presiunably they may be used in varied 
proportions with no significant deviation from isotonicity. A phosphate buffer 
with pH 7.4 is added to the solution. When slices of liver are immersed in 
this solution their specific gravity falls rapidly and reaches an equilibrium at 




Text-Fig, 2, Specific gravity of liver of guinea pig immersed: (a) in water and (d) in 0.15 
molar sodium chloride. The broken lines indicate the changes following transfer of liver tis- 
sue from water to the solution of sodium chloride. 

Text-Fig. 3. Changes in the specific gravity of rat liver and swelling of cytochondria fol- 
lowmg immersion: (o) in water and (6) in Ringer’s soluUon. 


a level which is approximately the same as that in a 0.15 molar solution of 
sodium cMoride (Text-figs. 3, 4, 7, 8, and 10). 

Lnmediately after immersion of liver tissue in Ringer’s solution, basophile 
substance and m large part the mitochondria disappear from cytoplasm of cells 
in a zone, sometimes of considerable breadth, about the edge of the tissue (Fig. 
’•1 ■ , 1 shrunken cells near the surface contain mitochondria 

wi a tere (wlet) stain but cells in this outer zone are in general conspicu- 
usly acidophile with swollen cytochondria which give a foam-like appearance 
the cytoplasm. A very sharp line of demarcation separates the acidophile 
e rom a deeply basophile zone bebw it (Fig. 4, B). Here basophile sub- 
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stance next to the outer zone gives an intense diffuse stain to the cytoplasm but 
further inward, clumped basophile substance and mitochondria are distinguish- 



Text-Fig. 4. Specific gravity of liver; (o) in Krebs-Ringer solution, (6) in the same solu 
tion with twofold increase of sodium chloride, and (c) in the same solution with fivefold in 
aease of potassium chloride. 



Text-Fig. 5. Specific gravity of liver of guinea pig; (a) in Krebs-Ringer solution; (6) in 
the same solution with one-tenth of its volume replaced by serum of guinea pig; (c) in blood 
serum of guinea pig. 


able. The results have been the same when the phosphate buffer (pH 7.4) has 
been omitted from the modified Ringer’s solution that has been used. The 
changes described are still present after 1 or 2 hours but at the end of this time. 
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in the interior of the tissue, mitochondria are not stained and the acidophile 
cytochondria have undergone some swelling (two plus in Text-figs. 3 and 7). 

When the quantity of sodium chloride in Ringer’s solution has been increased 
twofold, entrance of water into the tissue has been less and equilibrium has 
been reached at a higher level. When the potassium chloride has been in- 
creased five times, though the molar concentration of the solution remains 
the same, equilibrium, on the contrary, is at a lower level (Text-fig. 4). When 
guinea pig liver tissue has been immersed in a solution in which one-tenth of 
the volume of Ringer’s solution has been replaced by serum of guinea pig or in 
the latter umfiluted, the changes in specific gravity have been almost identical 
with those in Ringer’s solution and, in both instances, there has been consider- 
able intake of water (Text-fig, 5). 



Text-Fig. 6. Specific gravity o£ rat liver and cytochondrial changes in 1, 2.5, and 5 per 
cent glucose. 

Changes in Liver Immersed in Solutions of Glucose and Sucrose 

In 1 per cent glucose solution, the changes in specific gravity differ little 
from those in distilled water (Text-fig. 6) whereas in 5 per cent solution, they 
approximate those in Ringer’s solution. After 1 hour in the former, the cyto- 
plasm has the uniform foam-like appearance seen after water immersion, but 
m 5 per cent solution, cytochondria are only slightly swollen. 

Changes of specific gravity in solutions of suaose are s imilar to those in 
solutions of glucose. In 0.15 molar solution, intake of water is considerably 
less than in Uver immersed in distilled water, but swelling of cytochondria is 
afeost as great. In 0. 2 and 0.3 molar solutions, intake of water and swelling 
of cytochondria are diminished. In a solution of molar strength, liver tissue 
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loses water and cytochondria are swollen only at the surface where the solution 
is in immediate contact with the tissue. 

Changes Following the Transfer of Liver from Water to Hypertonic Solutions 

When specific gravity has diminished following immersion in water, the 
change may be reversed by placing the tissue in a solution of sodium chloride 
or in Ringer s solution. If the transfer to 0.15 molar solution of sodium chloride 
is made after water immersion during 15 minutes, specific gravity returns to a 
level about tlie same as that of tissue kept for a corresponding time continuously 
in this solution (Te.xt-fig. 2). The resulting increase of specific gravity occurs 
promptly and with few exceptions reaches a maximum after about 15 minutes. 



Text-Fig. 7. Specific gravity of liver: (o) in water; (b) in Ringer’s solution. The broken 
lines indicate the changes following transfer of the tissue from water to Ringer’s solution. 

The same change is found when liver tissue is transferred from water to Ringer’s 
solution (Text-fig. 7). If water immersion is more prolonged, transfer to 0.15 
molar solution of sodium chloride or to Ringer’s solution causes less elevation 
of specific gravity, and with increasing periods of water immersion there is 
diminishing approach to the level represented by continued immersion in the 
salt solutions (Text-figs. 2, 7, and 8). Nevertheless, after 5 hours of immersion 
at room temperature (Text-fig. 8) or with continued immersion during 18 hours 
at a temperature just above freezing, there is considerable increase of specific 
gravity after transfer to a salt solution. 

It is noteworthy that reversal of water intake has occurred when liver tissue 
previously frozen and thawed has been transferred from water to a 0.3 molar 
solution of sodium chloride under the conditions that have been described; 
the osmotic system has not been destroyed. 
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When liver tissue has been immersed in water during 15 or 30 minutes, the 
immediate effect of entrance of water is seen, as described aboye, in a narrow 
zone at the edge of the tissue where the cytoplasm has become acidophile and 
foam-like. When liver is transferred from water to the hypertonic salt solu- 
tion, this change is reversed and after about 30 minutes the affected cells have 
approached their former condition. The outermost edge of the tissue frag- 
ment, where cellular injury has been most advanced, is unchanged but the 
foam-like appearance has in large part disappeared deeper in and where it 
persists, the round, clear spaces that give this appearance are much smaller. 
The basophile zone seen after water immersion is still well defined but here the 
mitochondria are discrete and well stained though some of them remain round 
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Text-Fig. 8. Specific gravity of liver; (a) in water; (&) in Ringer’s solution. The broken 
lines indicate the changes after transfer from water to Ringer’s solution. 

and swollen. In the interior of the tissue, the moderate swelling present after 
water immersion for the same time has disappeared. (In Text-fig. 2, reversal 
of swelling is indicated by plus signs.) 

When transfer to hypertonic salt solution is made after 1 hour^f ^water im- 
mersion, similar diminution of the swelling of cytochondria occurs but restora- 
tion of the tissue fragment to the original size is less complete. Immersion in 
water has caused disappearance of recognizable mitochondria and the basophile 
mterial that remains is in the interstices between the round clear spaces of the 
foam-like cytoplasm. With transfer from water to salt solution, apparent 
restoration of mitochondrial stain and of clumped basophile substance has been 
repeatedly noted. The stained mitochondrial bodies are spherical and vary 
coMiderably in size. They are usually separated by intervening cytochondria 
stained by the acid dye. In the interior of the tissue, clumped basophile ma- 
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terial, lightly stained after 1 hour of water immersion, may have its usual in- 
tense stain. 

Mter 2 hours of immersion in water wlien staining with basic dyes has dis- 
appeared and the cytoplasm of liver cells is uniformly foam-like, transfer to 
salt solution causes the liver cells to shrink, with disappearance of the foam-like 
character of the cytoplasm so that the cytochondria are now seen as much 
smaller discrete vesicular bodies. 

Effect of Freezing on the Permeability of Liver Tissue to Water 

Liver tissue has been frozen by means of hquid carbon dioxide and thawed 
three times or frozen by a mixture of dry ice and ethylene glycol and maintained 
frozen during a half hour or longer. In both instances, the tissue has been kept 
during the procedure in a closed vessel to prevent contact with carbon dioxide. 
No difference in the results of the two methods has been observed. Freezing 
does not prevent tlie entrance of water into the tissue of hver or kidney (Text- 
figs. 9 and 10) and the changes in specific gravity following immersion in water 
or in Ringer’s solution do not differ conspicuously from those of unfrozen liver 
under similar conditions. 

Freezing as such produces immediate changes in the hver cells (Fig. 8). The 
nuclei are shrunken and their outhnes are irregular. The normal dehcately 
formed mitochondria are replaced by scattered particles that take the mito- 
chondria stain. These vary widely in size and some have from 2 to 3 times the 
usual width of mitochondria. 

Within 15 minutes after a piece of hver that has been frozen and thawed is 
immersed in water, its cells are diminished in size in a zone immediately next 
the surface with result that hver cell columns are narrow and the spaces be- 
tween them wide. Sharply defined bodies, deeply acidophile but with the size 
and shape of mitochondria, are seen in the ceUs of this peripheral zone. These 
altered mitochondria may persist during at least 4 hours of immersion. There 
is no deposition of basophile material a short distance below the surface, such 
as that seen under similar conditions when hver has not been frozen. 

In the interior of the tissue, the coarse round particles that in the frozen hver 
take the m^^chondrial stain have disappeared after 1 hour. The hver cells 
are diminished in size and the ceU columns have become narrower, whereas the 
spaces between them, occupied by the sinusoids, are widened (Fig. 1 1 ; compare 
with Fig. 10 showing unfrozen liver immersed in water during the same time). 
Nevertheless, the cytochondria are moderately swoUen, vesicular, and spheri- 
cal. Swelhng of the cytochondria continues and in the period from 2 to 4 hours, 
the cytoplasm becomes foam-like though the cells are still shrunken. The 
rounded spaces that give the foamy appearance are less uniform in size and 
shape than those seen after water immersion of unfrozen liver, and large vacu- 
oles occur. 
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Changes in Kidney PoUmving Immersion in Waier and in Ringer’s Solulion 

When^slices of kidney tissue are immersed in distilled water, intake of water 
as measured by specific gravity may occur more rapidly than in liver under the 



Texi-Fig. 9. Specific gravity (a) of liver immersed in water; (5) of liver frozen and thawed 
and immersed in water. 
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Text-Fig. 10. Changes in specific gravity of liver: (o) in Ringer’s solution; (6) in water; 
(c) frozen, thawed, and then immersed in Ringer’s solution; (<J) frozen, thawed, and immersed 
m water. Changes in specific gravity of kidney under corresponding conditions. Changes 
in cytochondria are indicated by plus signs. 

same conditions and equilibrium may be established at a lower level (Text-fig 
1), but in other instances liver and kidney have undergone almost identical 
changes (Text-fig. 10). 
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Histological examination shows that changes in the kidney following immer- 
sion in water reproduces with some modification those which occur in the liver 
under corresponding conditions. Immediate penetration of water, which is so 
conspicuous at the cut edges of the liver, is evident only in a very narrow zone 
at the surface of the slice of kidney and here it proceeds so rapidly that the cyto- 
plasm of the affected cells undergoes almost complete disintegration. In the 
interior of the tissue, changes proceed more rapidly than in liver. After 30 
minutes, the mitochondria are in part deeply stained and rod-like but in part 
swollen and spherical. Vesicular forms, as in the liver after water immersion, 
are readily found. With disappearance of mitochondrial stain, the cytoplasm 
is occupied by round acidophile bodies which vary much in size and may be 
vesicular. Vacuoles, some large, may give a foam-like appearance to cells of 
some of the tubules. After 1 hour, this foam-like appearance of the cytoplasm 
is almost universal, but some staim'ng of mitochondria persists. After 2 hours 
a few swollen spherical mitochondria are sparsely scattered in some of the cells 
but, otherwise, the tissue is wholly acidophile. With increasing size of the 
vacuoles, there is evident disintegration of cytoplasm. 

Intake of water by kidney in Ringer’s solution, as indicated by changes in 
specific gravity, has been essentially the same as that of liver. In this solution 
the mitochondria are preserved for a time,.and are well stained as discrete bodies 
even after 2 hours. They have become spherical and much swollen but in 
places they are losing the mitochondrial stain to become discrete, round acido- 
pbile bodies. 

When kidney is frozen and thawed (Text-fig. 10) and then immersed in 
water, cells of the convoluted tubules, as with previously frozen liver cells, are 
after 2 hours dimiiiished in size though the cytochondria are swollen, in places 
so much that their cytoplasm has become foam-like. 

RECAPITULATION AND DISCUSSION 

Most of the studies that have attempted to define the conditions under which 
water and other substances enter living tissues have dealth with plant cells, 
isolated animal cells, such as invertebrate ova, or with erythrocytes. Mam- 
malian tissue have been regarded as an unfavorable object for such e.xperiments. 
Muscle of frog has been subjected to tire action of water or to various solutions 
more frequently than any other tissue, but the clianges that follow indicate 
that permeability is profoundly influenced by injury to the tissue by the agents 
that have been used. This opinion is in accord with the studies of Osterhout 

(5) made with plant cells subjected to the action of various solutions. Overton 

(6) measured the quantity of water that entered into the muscle of frog when 
immersed in water and came to the conclusion that it was considerably greater 
than that held in the cell by osmotic forces. To e.xplain the discrepancy, it 
has been assumed tliat part of the water of living tissue is so bound in its rela- 
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tion to colloids of the cytoplasm that it does not exhibit the usual chemical and 
physical properties of free water. Most of those who have considered this 
question in later years (Hill (7); Greenberg, Greenberg, and Cohn (8)) support 
the conclusion that the water of blood and of muscle, as well as that of such 
colloids as casein in solution or egg white, has all of the properties of equal 
quantities of water under usual conditions. 

Osmotic swelling of mitochondria has been observed by Faure-Fremiet (9), 
Anitschkow (10), Bang and SjovaU (11), Lewis and Lewis (12), and Lazarow 
(13). 

The experiments described here show that changes occurring in tissues im- 
mersed in water are dependent not only on the surface properties of the cells 
themselves, but upon those of particulate bodies within them. The succession 
of these events indicates that no simple formula wiU define the action of the 
forces concerned. The changes that occur at the immediate surface of the 
excised piece of liver, concurrently with a rapid fall of specific gravity, are de- 
termmed by direct contact with water whereas those at a deeper level are caused 
by passage through the tissue of a fluid increasingly modified by constituents of 
the cytoplasm. The artefacts which result are worthy of coirsideration because 
they forecast the changes that occur after a much longer interval in the interior 
of the tissue and both give information about the structure and function of 
bodies that constitute a large part of the cytoplasm of cells. 

At the edge of the tissue, water promptly removes from the cytoplasm both 
the basophile material that gives the reactions of ribonucleic acid (2) and the 
material that gives to the mitochondria their characteristic stain. The cyto- 
plasm of the affected cells now stains only with an acid dye and acquires a 
foam-like appearance because its cytochondria are swollen by the penetration 
of water into them. The intensely stained basophile zone at the lower level is 
doubtless referable to ribonucleic acid or related substances (2). The possi- 
bility suggests itself that they are swept inward by the entering water and here 
find conditions favorable to their deposition in the cytoplasm of the liver cells, 
but the functional characteristics of liver cells doubtless determine these diver- 
gent reactions of adjacent cells. The cytoplasm of some of the basophile cells 
may assume a foam-like character, like that of cells in the outermost zone with 
the difference that basophile material occupies the interstices between the clear 
round spaces within the cytoplasm. Cells in iimnediate contact with one 
another show wide difference in their susceptibility to the change and acidophile 
cells may be wholly or partly surrounded by basophile elements or basophile, 
by acidophile cells (Fig. 7). 

In the cells below the basophile zone, changes are in progress after a few min- 
utes of water immersion that ultimately extend throughout the interior of the 
block of tissue. Liver cells become swollen and their rounded marline: are 
now conspicuously defined by the acid dye. A succession of changes, presented 
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cliagrammatically in Fig. 14, results in the loss of mitochondrial stain. When 
the intensity of tlie stain is diminished following water immersion, some swol- 
len mitochondria have a narrow rim of mitochondrial stain surrounding a clear 
central space (Fig. 14, c). The material that takes the stain appears to lie 
upon the surface of a body which in its absence stains only with an acid dye 
(d). The mitochondrial material, perhaps like ribonucleic acid, may be ad- 
sorbed upon the surface of the body. Changes indicated in the diagram (e,/) 
further suggest that the stainable mitochondrial substance may at one stage of 
its disintegration collect as a minute droplet on the surface of the acidophUe 
body. 

Some swelling of mitochondria occurs before they have lost their peculiar 
stain but advanced swelling is seen only after they have become acidophile. 
After 2 hours of immersion in water at a time when the specific gravity of the 
tissue has reached an equilibrium at its lowermost level, the foam-like appear- 
ance of the cytoplasm that results is almost uniformly distributed. 

When liver tissue is immersed in a solution of sodium chloride with concen- 
tration approximately isotonic with blood plasma (0.15 molar), the changes 
that occur in water are in large part absent. The specific gravity of the tissue 
reaches an equilibrium at a level much above that after immersion in water. 
At the edges of the excised tissue, cells and cytochondria are not swollen as by 
water but the basophile material here disappears and the mitochondria, which 
in large part retain their usual size and shape, take the mitochondrial stain 
with some change from its usual color (violet instead of blue with methylene 
blue). It seems probable that these bodies have been so altered by the entering 
fluid that they resist further change. A deeply basophile zone is formed but 
the cytoplasm of the affected cells does not become foam-like. Nevertheless, 
changes occur slowly in the interior of the tissue. The mitochondria become 
moderately swollen, lose tlieir peculiar stain, become acidophile, and finally 
considerably swollen, but they retain their distinctive appearance longer than 
during water immersion and the basophile zone persists even after 4 hours of 
immersion in 0.15 molar solution of sodium chloride. With stronger solutions 
of sodium chloride (0.3 and 0.4 molar) removal of basophile substance and the 
material that gives the mitochondrial stain is further delayed. 

It is noteworthy that solutions of potassium chloride, which in general pro- 
duce changes like those of sodium chloride, cause more rapid penetration of 
water into the tissue as indicated by its specific gravity, equilibrium at a lower 
level, and ultimately more swelling of cytochondria (see Text-figs. 1 and 4). 
Changes in the liver tliat follow immersion in 0.15 molar solution of calcium 
chloride further emphasize the varied relation of tlie particulate bodies of the 
cytoplasm to electrolytes. With the calcium chloride solution, cytochondria 
immediately exposed to the solution promptly become so swollen that the 
cytoplasm is foam-Hke whereas solutions of sodium or of potassium chloride of 
equal molar concentration cause no swelling of these bodies. 
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Penetration, of water into tissue immersed, in Ringer’s solution differs little 
from that in an isotonic solution of sodium chloride. With the former, removal 
of basophile material (ribonucleic acid and related substances) and of the ma- 
terial that gives the mitochondrial stain occurs more promptly and completely 
in the outer zone of first contact with the solution and here the cytoplasm of 
cells becomes foam-like, as with an isotonic solution of calcium chloride. 
Ringer’s solution with one-tenth of its volume replaced by serum, or serum 
alone, has caused changes in specific gravity like those caused by Ringer’s 
solution (Text-fig. 5). 

When tissues that have diminished specific gravity as the result of water 
immersion are transferred to a solution of sodium chloride (0.15 molar) or to 
Ringer’s solution, the change is reversed and water is lost. The swelling of 
both cells and cytochondria is reduced, with complete or partial return to their 
former size. When the tissue is transferred to the salt solution, a short time 
after its immersion in water specific gravity is restored to a level that it would 
have attamed if it had been for an equal time in the salt solution alone, and 
return of cells and of cytochondria to their original size is nearly complete; but 
if water immersion is more prolonged, restoration of specific gravity is in- 
aeasingly less complete and at the same time, there is but a scanty diminution 
in the size of swollen cells and cytochondria. Injury caused by the penetration 
of water has presumably so altered their surface properties that osmotic inter- 
change is permanently altered. 

In the experiments described here, freezing has not prevented the entrance 
of water, as measured by the altered specific gravity of the tissue. This ob- 
servation is contrary to that of Siebeck (14) who found no taking up of water 
by frog’s kidneys that had been frozen. In the experiments recorded here, 
entrance of water into pieces of previously frozen liver or kidney immersed in 
water or in Ringer’s solution has not differed essentially from that into unfrozen 
tissue under similar conditions (Text-figs. 9 and 10). Nevertheless the cyto- 
logical changes have differed widely in frozen and unfrozen tissue following 
immersion. Osmotic swelling of cells and of cytochondria has not gone on in 
parallel; the liver cells have been conspicuously shrunken whereas the cyto- 
chondria have been swollen. Though liver cell columns are diminished in 
width, there is a corresponding increase in the spaces carrying sinusoidal vessels 
(Fig. 11). Perhaps the interstitial tissue of the liver has taken in a quantity 
of water sufficient to bring the specific gravity to a level approximately equal 
to that of unfrozen liver similarly immersed. 

CONCLUSIONS 

The cytoplasm of cells of the liver and of the kidney is in large part occupied 
by bodies which respond to the water content of these cells and are modified 
by dissolved substances in the surrounding “fluid or by physical change such 
as freezing. 
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These bodies, in part mitochondria but designated more broadly cytochon- 
dria, constitute an osmotic system within the cytoplasm of cells. 

When the specific gravity of liver or kidney tissue is used as an inde-t of 
changes in the water content of tissue, swelling of cytochondria in general fol- 
lows the intake of water but this relation may be modified by a variety of con- 
ditions. 

Wdien fiver that has been frozen and thawed is immersed in water, cyto- 
chondria become swollen though the containing cells diminish in size. 

Solutions of sodium and of potassium chloride isotom'c with blood plasma 
cause delayed swelling of cells and cytochondria, greater with the potassium 
salt; solutions of calcium chloride of equal molar concentration cause immediate 
swelling of cells and cytochondria. 

The basophile material of the cytoplasm (ribonucleic acid and related sub- 
stances) and the material that gives to mitochondria their characteristic stain 
are removed by immersion in water but their disappearance is retarded by 
isotonic solutions of sodium or of potassium chloride and further delayed by 
hypertonic solutions. 

When the intensity of staim'ng reactions is diminished by the partial loss of 
basophile substance or of the distinctive mitochondrial material, these are 
found at the surfaces of the cytoplasmic bodies, held perhaps by adsorption. 

When water, isotonic solutions of sodium chloride, or Ringer's solution comes 
into contact with immersed fiver, they remove basophile and mitochondrial 
material from a superficial zone and substances with similar staining reactions 
appear in the cytoplasm of cells at a deeper level. 

Osmotic changes in the cytoplasmic bodies may be reversible. When liver 
tissue which has been for a short time immersed in water is transferred to a 
solution that is appro.ximately isotonic in relation to blood plasma, swollen 
cytochondria return in part or completely to their former size; but with con- 
tinued immersion in water, this reversibility becomes increasingly less com- 
plete. 

BIBLIOGRAPHY 

1. Opie, E. L., J. Exp. Med., 1947, 86, 45. 

2. Opie, E. L., and Lavin, G. I., J. Exp. Med., 1946, 84, 107. 

3. Phillips, R. A., Van Slyke, D. D., Dole, V. P., Emerson, K., Jr., Hamilton, P. B., 

and Archibald, R. M., Copper Sulfate Method for Measuring Specific Gravi- 
ties of Whole Blood and Plasma, from the United States Navy Research Unit 
at the Hospital of The Rockefeller Institute for Medical Researcli, New York, 
Josiah Macy, Jr., Foundation, 1945. 

4. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 1932, 210, 33. 

5. Osterhout, W. J. V., Injury, Recovery and Death, in Relation to Conductivity and 

Permeability. Monographs on Experimental Biology, Philadelphia and 
London, J. B. Lippincott Co.j.1922. 



EUGENE L. OPIE 


443 


6. Overton, E., Arch. ges. Physiol., 1902, 92, US, 346. 

7. Hill, A. V., Froc. Roy. Soc. London, Series B, 1930, 106, 477. 

8. Greenberg, D. M., and Greenberg, M. M., J. Gen. Physiol., 1933, 16, 559. Green- 

berg, D. M., and Cohn, W. E., J. Gen. Physiol., 1934, 18, 93. 

9. Faure-Fremiet, E., Arch. anal, micr., 1910, 11, 457. 

10. Anitschkow, N., Verhandl. deitisch. path. Ges., 1914, 17, 103. 

11. Bang, I., and Sjovall, E., Beilr. path. Anal. «. allg. Palh., 1916, 62, 1. 

12. Lewis, M. R., and Lewis, W. H., Am. J. Anal., 1917, 16, 339. 

13. Lazarow, A., in Frontiers in Cytochemistry, (N. L. Hoerr, editor). Biological 

Symposia, Vol. 10, Lancaster, The Jaques Cattell Press, 1943, 9. 

14. Siebeck, R., Arch. ges. Physiol., 1912, 148, 443. , 



444 


OSMOTIC SYSTEM TOTUIN CYTOPL/\SM OF CELLS 


EXPL/VNATION OF PLATES 
These photographs were made by ]\fr. J. A. Carlile. 

Tissues have been fixed in lanthanum acetate and formalin and stained with meth- 
ylene blue, azure II, and rose bengal. 


Plvte 6 

Fig. 1. Showing changes at the surface of a piece of liver after immersion in water 
during 15 minutes. In an external zone (A) basophile material is no longer visible 
and the cytoplasm of the cells is foam-like. In a deeper zone (B) there is intensely 
stained basophile material in the cytoplasm of tlie cells. The changes tliat have oc- 
curred in a third deeper zone (Q arc shown in Fig. 13. X 212. 

Fig. 2. Showing changes at the surface of a slice of liver after immersion in water 
during 1 hour. In the outermost (acidophile) zone (A) the foUovsing changes have 
occurred: cells immediately below the surface arc partially disintegrated; cells im- 
mediately next tliem furtlier in arc shrunken (and containing altered mitochondria, 
not shown) ; cells in the greater part of the zone arc swollen (with foam-like cytoplasm 
as in Fig. 6). Below the acidophile zone (A) is an irregularly disposed basophile zone 
(B) and (C) representing the interior of the slice of tissue. X 212. 

Fig. 3. Showing changes at the surface of a slice of liver after immersion in 0.15 
molar solution of sodium cldoridc during 4 hours. They resemble those after iihmer- 
sion in water (see Figs. 1 and 2) but higher magnification shows that cells and cyto- 
chondria in the outermost zone are not swollen (see Fig. 9). For description of (A), 
(B), and (C) see Fig. 2. X 212. 

Fig. 4. Liver tissue showing a sharply defined acidophile (A) and deeply basophile 
zone (B) after immersion in Ringer’s solution during 2 hours. X 212. 




(Opic: Osmotic system within cytoplasm of cells) 
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Fig. 5. Showing swollen cells containing swollen vesicular cytochonclria in liver 
cells inimersecl in water during I hour. Three nuclei with nucleoli are seen. X 1^00- 

Fig. 6. Showing celLs with foam-like cytoplasm from liver tissue iir.mersed in water 
during 1 hour. X 1500. 

Fig. 7. Showing acidophile and basophile cells with foam-like cytoplasm at junction 
of acidophile and basophile zones from liver of guinea pig after immersion in water 
during 30 minutes. X 1460. 

Fig. S. Showing in frozen and thawed liver tissue diminution of normally stained 
mitochondria and globular bodies that take the mitochondrial stain. The presence 
of the nucleus of one cell is well defined. X 1460. 

Fig. 9. Liver tissue immersed in 0.15 molar solution of sodium chloride during vi 
hours, show'ing mitochondria with altered stain (violet witii methylene blue) in 
shrunken cells W'ith no basophilia. X 1460. 
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Fig. H). Showiii}' swelling of liver cells alter immersion in water during 2 hours. 
(For compari.son with Fig. II.) X 261). 

Fig. II. Showing shrunken liver cells with wide spaces hetween the columns in 
hejiatic tissue frozen and thawed and then immersed in water during 2 hours. X 
260. 

Fig. 12. Showing swollen mitochondria and acidophile cytochondria (with lighter 
color in photograijli) in guinea [n'g liver tissue after immersion in water during 30 
minutes. Nuclei are poorly defined. X 1460. 

Fig. 13. Showing swelling of some mitochondria in rat liver which lias been im- 
mersed in water during 15 minutes. A greater number of these elements have lost 
the mitochondrial stain and remain as acidophile bodies (those with lighter color in 
the iihotograjih). The area shown is from the innermost zone (C) of Fig. 1. Nuclei 
with nucleoli are well defined. X 1500. 

Fig. 14. Diagram reiiresenting changes in mitochondria caused by water (see I’ig. 
12 and 13; though not well defined in the photographs) ; (n), mitochondria; (6), swollen 
mitochondrium; (c), vesicular mitochondrium; {d), vesicular acidoiihile body; (<’). 
vesicular mitochondrium; (/), vesicular acido[)hiIe bod\’ and minute spherical particle 
with mitochondrial stain. 



8 









THE E^ACTIVATION OF BIOLOGICALLY ACTIVE PROTEINS, AND 
THE VIRUS OF WESTERN EQUINE ENCEPHALOMYELITIS 
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When the toxic somatic antigens of Shigella paradysenteriae are treated with 
periodic acid a rapid loss of serological activity occurs accompanied by a 
marked diminution in the toxicity of the lipocarbohydrate-protein complex (1). 
The chemical reaction is probably not confined to an oxidation of the carbohy- 
drate moiety of the antigen, and may well involve the protem component, for 
there is reason to believe that the toxin is an integral part of the latter and is 
not associated with the carbohydrate constituent (2). 

Beyond the fact that periodic acid will oxidize certain amino acids (3), 
little is known of its action upon native proteins. Nor is it known whether 
proteins endowed with biologically active properties can be rendered inactive 
by the reagent under physiological conditions of pH. Recently it was pointed 
out that the virus receptor group of fowl erythrocytes is destroyed by periodate, 
and hence might be carbohydrate in nature (4). That this deduction may not 
be valid, however, will be seen from the following, for it will be shown that 
certain well defined proteins undergo radical chemical and biological changes 
when subjected, to the action of the reagent. These changes are such that 
they destroy not only the biological activity of the protein, but in the one 
instance stuched this change was accompanied by a profound alteration in 
absorption spectrum. In addition, it will be demonstrated that the wus of 
Western equine encephalomyelitis which, for lack of better evidence, has come 
to be regarded as protein in nature (5) is rapidly and completely inactivated 
by the action of the reagent in neutral solution. 

THE ACTION OE PERIODIC ACID ON PROTEINS 

Materials and Methods. —The crystalUne ribonuclease used in these studies was kindly 
supplied by Dr. M. McCarty. The activity of the enzyme before and after treatment with 
periodic acid was determined by the procedure of Runitz (6). 

The Type Ifl pneumococcus antibody globulin was prepared by the dissociation of an im- 
mune precipitate as described later. Total predpitable nitrogen was estimated by micro- 
Ejeldahl. The decrease in activity of the immune globulin on treatment with lithium 
periodate was determined photometrically using the homologous specific polysaccharide as 

* Fellow of the International Health Division of The Rockefeller Foundation assigned to 
The Rockefeller Institute for Medical Research. 
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precipitinogen (7). 0.1 ii lithium periodate in 0.02 -M lithium phosphate was prepared by dis- 
solving 2.28 gm. mOi -211:0, and 10 ml. of 0.2 m H,P0. in 50 ml. H:0 followed by the addition 
of 20 ml. of 1.0 N LiOH and diluting to 100 ml. in a volumetric flask. 

Immune sera to the native and inactivated immune globulins were obtained from two 
groups of rabbits which had received intravenous injections of the two proteins. -1.0 mg. of 
the respective proteins were injected daily for 6 days, followed by an 8 day rest period. The 
course of injections was repeated, and the sera collected 8 d.ays after the hast injection. 

The Inaclivation of Ribonuclcasc by Periodic Acid 

In order to study the cfTcct of periodic acid on crystalline ribonuclease, a 
solution of the latter was subjected to action of periodate at pH 5.1 and at 
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Time in minutejs 

Fig. 1. Liberation of soluble phosphorus from ribonucleic acid by ribonuclease before and 
after treatment with periodic acid. 

25°C. for varying intervals of time. The activity of the enzyme solution was 
determined and compared with that of untreated enzyme. 

A stock solution of ribonucleic acid containing 0.5 mg. phosphorus per ml. in 0.1 M acetate 
buffer was prepared. A solution of ribonuclease containing 0.10 mg. protein nitrogen per 
ml. was likewise prepared in 0.01 ii acetate buffer and stored at 0°C. The periodic acid-buffer 
solution was made by mixing equal parts of 0.2 M periodic acid and 0.75 M sodium acetate. 
The pH of the solution was 5.1. 

To study the effect of periodic add on the enzyme, 5.0 ml. of the latter was mhxed \vitlr 

5.0 ml. of reagent at 25°C. and the mixture allowed to stand. At the end of 3, 6, and 24 hours 

2.0 ml. of solution was removed, transferred to a cellophane bag containing 0.3 ml. of 50 per 
cent glucose, and dialyzed in a rocking device for 4 hours against a flow of distilled water. 
The contents of the bag were transferred quantitatively to a 10 ml. volumetric flask, and the 
activity of the enzyme determined. 5.0 ml. of enzyme, now containing 0.01 mg. protein 
nitrogen per ml., was mixed with 5.0 ml. of stock ribonucleic acid solution, and the liberated 
phosphorus determined at the end of 30, 60, and 120 minutes. The results are presented 
graphically in Fig. 1. For purposes of comparison this figure includes the activity curve of 
the untreated ribonuclease. 
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From the results presented in Fig. 1 it is apparent that treatment of the 
enzyme at pH 5.1 with periodic acid brings about a gradual loss of biological 
activity, and this change is not rapid. Inactivation is apparently complete 
after contact with the reagent for 24 hours, for it is not possible to demonstrate 
the liberation of phosphorus from ribonucleic acid by the enzyme treated for 
this period of time. The nature of the chemical change in the enzyme molecule 
brought about by the oxidant is not known, but that it is profound is evident^ 
from the fact that a complete loss of biological activity occurs. 

• The Inaclivalion of Type III Pneumococcus Antibody by Periodic Acid 

Preparation of Antibody.— k second protein was chosen for study in order to 
determine whether biological activity of an entirely different nature would be 
affected by periodic acid. Type HI pneumococcus immime horse globulin was 
selected, because it can be had in relative abundance. 

* 

The purified antibody was prepared by dissociating an immune precipitate (8) obtained 
from the interaction of 3 liters of antipneumococcus horse serum Type III, and the appropriate 
quantity of homologous type specific polysaccharide. The serum was diluted to 13 liters 
with 0.9 per cent NaCl; 0.25 gm. of Type IH polysaccharide dissolved in 1 liter of saline solu- 
tion at 5°C. was added. This quantity sufficed to carry down the major part of the antibody, 
but still left a slight excess in the supemate. 

After 2 hours the immune precipitate was spun at O’C., washed five times with cold saline 
solution, and suspended in 400 ml. of 25 per cent ammoniiun sulfate. The solution was 
stined and wanned to 37°C. for an hour, spun, and then diluted to SO per cent saturation with 
saturated ammonium sulfate. The dissociated antibody which predpitated was collected by 
centrifugation, and twice reprecipitated by half saturation with ammonium sulfate. The 
antibody was then dissolved in water and dialyzed free of S07“ against 0.9 per cent NaCl. 
Small amounts of precipitate which separated during the dialysis were centrifuged and dis- 
carded. From 25 to 38 per cent of the protein originally present in the immune predpitate 
was recovered by this procedure. The dissociated antibody prepared ah described above 
varied in its specific predpitable nitrogen content from 65 to 82 per cent. 

Inactivation of Pneumococcus Antibody by Periodic Acid . — ^A solution of Type III antibody 
containing 1.0 mg. nitrogen per ml. was treated with an equal volume of 0.05 ii LilOi at pH 
7.2. At varying time intervals 0.5 ml. samples were removed, added to 0.2 ml. 50 per cent 
glucose in a 5.0 ml. volumetric flask, and diluted to the mark with 0.9 per cent NaCl. Sam- 
ples of 0.40, 0.20, and 0.10 ml. were removed, placed in calibrated tubes, diluted in each in- 
stance to exactly 1.00 ml. Then 1.00 ml. of a dilution of Type IH polysaccharide containing 
10 mictograms of carbohydrate was added to each tube. After 30 minutes the turbidity was 
measured in a phototurbidometer, and the result recorded (Fig. 2). When the classical quan- 
titative precipitin reaction was carried out on the various treated antibody solutions, the 
results were essentially the same as those obtained photometrically. It can be seen that the 
predpitability of the immune globulin is rapidly impaired by contact with the reagent, and is 
entirely destroyed when the globulin remains in contact with the periodate for 24 hours (not 
sho\vn on graph). 

Change in the Absorption Spectrum of Immune Globulin Treated with Lithium Periodate at 
til 7.2.~\ solution of Type rn pneumococcus anticarbohydrate-immune globulin containing 
20.0 mg. protein per ml. was treated with an equal volume of 0.05 i£ T ir n, at pH 7.2 for 24 
.ours. The reagent was removed by rapid dialysis against physiological salt solution, and 

luted to a concentration of 1.0 mg. protein per ml. in 0.02 ii phosphate buffer at pH 7.6. The 
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absorption spectrum of this material was measured and compared with that of untreated im- 
mune globulin of the same concentration in tije same buffer. The absorpUon spectrum is 
shown in Fig. 3, where a represents the absorption spectrum of the native globulin, and b that 
of the globulin after treatment with lithium periodate. 

It IS evident that a marked change in the absorption spectrum has taken 
place. Not only is there an increase in absorption at the maximum as well 
as a slight shift to a shorter wave length, but there is a relatively greater in- 
crease in the minimum absorption coefficient. The reason for this is not as 
yet known, but it should be pointed out that Gates (9) observed a similar shift 
in tlie absorption spectrum of crystalline pepsin after irradiation with ultra- 
violet light. Furthermore, Hicks and Holden (10) have measured the absorp- 
tion spectra of proteins denatured by alkali and by alcohol, and observed an 



Fig. 2. Inactivation of Type IH pneumococcus antibody globulin by lithium periodate. 

increased absorption tlurough the entire range of wave lengths. Whether the 
change in absorption spectrum of the immune globulin which follows treatment 
with periodate represents true denaturation comparable to tliat brought about 
by alcohol or alkah cannot yet be said with certainty. In this connection, 
however, it should be pointed out that after such treatment, a portion of 
protein, but by no means all, will precipitate in the presence of 0,9 per cent 
sodium chloride when the pH of the solution is shifted from neutrality to 4.8. 

Specificity of Antisera Prepared by Immunization with Inactivated Immune 
Globulin. — ^That a marked chemical change has taken place when immune 
globulin is treated with periodate at pH 7.2 is apparent from the foregoing 
experiments. Whether tliis change is sufficiently great to affect the anti- 
genicity of the altered protein was not known. 

A group of rabbits was injected with daily doses of 4 mg. of the active protein for 6 consecu- 
tive days, following a rest period of S days; the course of injection ^vas repeated, and 8 days 
following the last injection, the animals were bled. A second group of animals was likewise 
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immunized ^with untreated immune globulin. The sera were then tested for homologous 
precipitinsf;(Table 1) and heterologous precipitihs (Table H). ^ 



Fig. 3. Abwrption spectra of Type m pneumococcus antibody globulin before and after 
ueatment 'with lithium periodate* 


inmune globulin, treated with lithium periodate for a period of 24 hours 
and completely inactivated, is fuUy antigenic, as can be seen from Table I. 
hurthennore, when the inactivated protein is tested in the antiserum prepared 
y mjectmg rabbits with untreated and fully active immune globulin, marked 
precipitation occurs (Table 11). If the respective sera are absorbed with the 
h terologous antigen, and then tested with the homologous protein, no reaction 
urs indicating that the antibody is completely removed (Table HI) by the 
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heterologous protein. From the results of these experiments it can be con- 
cluded that although destruction of biological activity takes place when the 


TABLE I 

Homologoits Precipitin Reactions of Sera of Rabbits Immunized with Type III Pneumococcus 
Antibody GlobuJtn, before and after Treatment with Lithium Periodate 


Rabbit 

No. 

Imrauniicd with* 

Test antigen 

1 

Final dilution of tut aotigi 

ta 


J: 10,000 

1:50,000 

1:100,000 

1:200,000 

1 

2 

Gin 

i 

Gin 

H — I — h 
+ + + + 

+ + 

+ + ± 

+± 

-bd: 

+ ■ 

+ 

3 

4 

Gm (mOi) 

1 

Gin (HIOi) 

-b-h+d: 

+-b-l- 

+ + ± 

+ + 

+ + 

+ ± 

i + 

+ 


* In Tables I and 11, Giu refers to untreated Type HI pneumococcus immune globulin; 
Giu (HIO,) to the globulin treated 24 hours with LiI04. 


TABLE 11 


Heterologous Precipitin Reactions of Sera of Rabbits Immunized with Type III Pneumococcus 
Antibody Globulin, before and after Treatment with Lithium Periodate 


Rabbit 

No. 

IramuiiUed with 

Test antigen 

i 

Final dlluU'on of tut antigen 

1:10,000 

1:50,000 

1:100,000 

1:200,000 

2 

Gni 

Gni (mo,) 

-b-b+d: 


-bd: 

-b 

3 

Giu (moo 

Gin 

+ -b-b 

-b-b 

' -b 

d: 


T/IBLE m 

Cross-Precipitin Reactions in Absorbed Rabbit Sera 


Serum of rabbit 
immunized with; 

Scrum absorbed 
with 

Test antigen 
used • 

Final dilution of test antigen 

1:10,000 

1:50,000 


1:200,000 

Giu 

Unabsorbed 

1 

Gm 

-b-b-b± 

-b-bd: 

-bd: 

-b 


Gin (moo 

(f 

0 

0 

0 

0 


(( 

Gm (moo 

0 

1 

0 

0 

0 

Giu (moo 

Unabsorbed 

Gm (HIOO 

+++ 

-b-b 

+ 

d: 


Gin 

(t 

0 

0 

0 

0 


<< 

Gm 

0 

0 

0 

0 


immune globulin is treated witli periodate, neither the capacity of tlie protein 
to incite specific immune bodies is destroyed, nor is the species specificity of the 
protein lost. If treatment of the immune globulin witli periodate is accom- 
panied by denaturation, it is difficult to understand why tlie specificity of the 
antibody elicited by the treated protein is not altered. The consensus of 
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opinion is that the denaturation of proteins endows them with a new and 
changed specificity (11). 

THE ACTION OF PERIODIC ACID ON A VIRTJS 

The action of potassium and lithium periodate on the virus of Western equine 
encephalomyelitis was then investigated. 


llateriah and ilelhods.—Tha Rockefeller Institute strain of the virus used in these studies 
was stored frozen, at about — 70°C., in the form of 20 per cent mouse brain in 50 per cent 
normal rabbit serum. The LDso of the thawed material as tested in the Rockefeller Insti- 
tute strain of albino mice, was about 10~* '. Before determining the effect of periodate upon 
the virus, the latter was first diluted with an equal volume of 10 per cent normal rabbit serum, 
the suspension was then centrifuged at 10,000 b.p.m. for 30 minutes, and the supernate, con- 
taining the virus, was employed. To 1 ml. of the supernate virus were added 2 ml. of 0.01 
u phosphate buffer at pH 7.0, 1 ml. of 0.05 si KIOi solution, and 5.5 ml. of 0.4 per cent NaCl 
solution. After a period of contact varying from 7 minutes to 3 hours at 37°C. (depending on 
the particular experiment of those to be described later), 0.5 ml. of 50 per cent dextrose solu- 
tion was added to decompose the periodate. Thus an additional tenfold dilution of virus 
was obtained. The rruxture was then dialyzed under sterile conditions in a mechanical rocker 
for 4 hours against a constant flow of 0.01 si phosphate buffer at pH 7.0. The materials were 
removed and titrated for virus activity by the intracerebral inoculation of mice, making dilu- 
tions in 10 per cent normal rabbit serum (12). For each experiment the appropriate controls 
were included as well as a titration of the same untreated virus sample as employed in the 
test (Table IV). In later tests, the lithium salt of periodic acid, because of greater solubility, 
was substituted for the corresponding potassium salt. When the lithium salt was employed 
certain other modifications were introduced; e.g., 1 ml. of 20 per cent virus was added to 1 
ml. of 0.05 ii or 0.1 ii LilO* in 0.02 ii lithium phosphate buffer at pH 7.2. After contact for 
varying periods of time at 37°C., 0.2 ml. of 50 per cent dextrose solution was added. The pro- 
cedure of dialysis, dilution of dialyzed materials, and mouse test was otherwise unchanged. 

The complement-fixation tests as here reported were performed after the manner described 
by Casals (13). The virus exposed to the periodate for 10, 30, and 60 minutes comprised 
the antigen. The latter was serially diluted up to 1/64; the serum from 0 to 1/128. Knonm 
standard equine virus anrisera and those against St. Louis and Japanese B encephalitis idruses 
were tested as controls along rvith the serum from mice immunized as described in the next 
paragraph (13). 


To test for the presence of an inununity developed to the periodate-treated virus, mice 
Were injected intraperitoneally with material inactivated for 10, 30, and 60 minutes; 120 to 
210 mice were included in each test. Six immunizing doses of 0.25 ml. each were given, in 
two series of three consecutive daily injections with a 5 day interval between the series. To 
test for any immunity that might have been developed, 11 days after the last dose, dilutions 
of 10**, 10~‘, 10*“, and 10"' of virus were inoculated intracercbrally into 6 or more mice for 
ouch dilution. Similar injections were given to uninoculated animals. 

For the detection of complement-fixation antibody, serum from these mice was collected. 
For determination of virus-neutralization antibody, serum was obtained from rabbits which 
had rcttived repeated doses of 3 to 10 ml. of virus intraperitoneally over a period of 29 days. 
The virus employed was a sample which had been in contact with the periodate for 10 and 
for 30 minutes. The neutralization and complement-fixation tests for these antibodies were 
performed m the manner already described (12, 13). 


Effect of Periodate on Virus Titer. — h. prompt and marked inactivation of 
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the virus of Western equine encephalitis occurred after exposure to potassium 
or lithium periodate. Table IV, which represents but a single test, shows that 
while some inactivation of virus was demonstrable within 10 minutes contact 
with a 0.05 il solution of the reagent more than 25 million doses were inactivated 
after a period of 2 hours. These observations were confirmed by the results 
of other tests in which it was found that within 7 to 10 minutes from 100,000 
to 1,000,000 doses of virus were rendered inactive by periodate of 0.1 ir con- 
centration. To summarize the results of a number of experiments, it would 
appear tliat both 0.05 M potassium and 0.05 or 0,1 ii lithium periodate could 
inactivate an appreciable amount of virus within a few minutes. The effect, 
however, increased with tlie duration of the time of contact so that most of the 


T/VBLE IV 

ShtrMns Inhibilioii of the Virus of Western Equine Encephalitis by 0.05 n LilOt, and ifte 
Injlucnce of Time of Contact upon the Reaction 


TesU 

Controls 

Virus 

dilution 

Time of contact with LilOr at 37*C. 

Virus 

dilution 

1 hr. 

2 brs. 

lU min. 

30 min. 

1 hr. 

2 brs. 

io-» 

S/5* 

5/5 

3/5 

2/5 


5/5 

5/5 

io-» 

5/5 

3/5 

1/5 i 



5/5 1 

4/5 

lo-i- 

5/5 

2/5 




' 1/5 

0/5 

10'^ 

3/5 



■■i 



0/5 

LDio 

?4.2t 

2.5 

1.3 

<1.0 


8.6 

8.4 


* Number of mice succumbed to virus infection over number of mice used, 
t Reciprocal of log of dilution. 


virus added was made ineffective within to 1 hour, and all the virus that could 
possibly be used within the limits of the tests, i.e. over 300 million lethal doses, 
was rendered inert within 2, 2-i, or 3 hours. 

The reduction in titer of the virus by means of periodate was a function not 
only of time of contact (Table IV) but also of temperature. Thus, when the 
test was carried out at 37°C., as compared with 4°C., a greater degree of inac- 
tivation ensued at the higher temperature, greater by at least 20 per cent. 
It was also found that the pH of the mixtures, which is varied but little before 
and after dialysis, was not a factor in the reduction of the titer of the virus. 
For e.xample, electrometric determinations revealed that the pH of the mixtures 
usually ranged from 6.8 to 7.1, either at the time of mixing or before their 
inoculation into animals. 

Although the data are not given it was shown that the periodate ion rather 
than potassium or lithium ion was responsible for the inactivation of the virus. 
Also, the reduction in titer of the virus was the result of the action of the 
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periodate itself, not that of a secondary substance which might have developed 
from the interaction of the component materials used in the test. 

Effect of Periodate on the Antigenicity of the Virus, The problem of the effect 
which periodate exerted on the antigenicity of the virus was stu(hed from two 
angles. In the first tests, attempts were made to immunize mice to a test 
dose of virus by injecting periodate-treated virus repeatedly. In the second 
series of experiments the serum of such treated animals was e.xamined for the 
presence of induced complement-fixing antibody. In addition, a search was 
undertaken for virus-neutralizing antibody in the sera of rabbits injected re- 
peatedly with periodate-treated \drus. 

In summary, the treated virus failed in all instances to induce either active 
or passive immunity, even when exposure to the reagent was as short a time 
as 10 nunutes. Such material also did not bring about the development of 
serum' antibody, either complement-fixing or virus-neutralizing. To be sure, 
virus treated with the periodate for 10 or 30 minutes and used in these tests as 
antigen, contained a certain amount of active virus and a degree of immune 
response was at times noted. The.response, however, was no greater than 
that expected from the immimogenic action of the small amount of residual 
virus present in the inocula. The relationship of the amoimt of virus used to 
■the degree of immuni ty induced has already been established (14, 15). To 
conclude, just as the virus of Western equine encephalitis was inactivated 
rapidly by exposure to the action of periodate, so was its antigenicity com- 
pletely destroyed, even within as short a time as 10 minutes, under the experi- 
mental conditions here employed. 


DISCUSSION 

Periodic acid is an oxidizing agent which has been extensively employed 
in the study of the structure of carbohydrate and steroid derivatives. Its 
value can be attributed to the fact that in general its oxidizing action is selective 
for it severs linkages only between those carbon atoms bearing adjacent hy- 
, droxyl.orhydroxylandaminogroups. We became interested in the reagent when 
it was observed that the somatic antigens of dysentery bacilli were readily de- 
toxified by periodate. Since the toxic component of these microorganisms appears 
to be intimately assoc'iated with the protein and not the carbohydrate portion of 
the antigenic complex, it was reasonable to assume that the former must be 
altered chemically by the reagent. A perusal of the literature revealed little 
concerning the action of periodate upon proteins. Desnuelle and Antonin (16) 
observed that when several proteins, including egg albumin, were treated with 
sodium periodate there was no liberation of formaldehyde and assumed that 
the reagent induced only an insignificant chemical change in these proteins. 
That certain amino acids, such as serine and threonine, are quantitatively 
o.xidized is of course well known. 
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In the present investigation it has been cleraonstratecl that when a subtle 
biological function is involved, this latter may be readily impaired when the 
protein concerned is subjected to the action of periodate at physiological values 
of hydrogen ion concentration. Not only was the biological activity of two 
widely divergent proteins, an enzyme and an antibody, lost, but the patho- 
genicity of a virus was destroyed. It is of interest that although the serological 
specificity of Type III pneumococcus immune globulin was rapidly impaired, 
and finally destroyed by periodate, the capacity of treated immune globulin 
to elicit antibody in e.xperimental animals was not. This is in direct contrast 
to the results observed with Western equine encephalomyelitis virus, where 
contact with the reagent, even for a very brief time interval destroyed, under 
the experimental procedures used, its infectivity and its ability to elicit specific 
antibody. 

The nature of the chemical action of periodic acid upon the proteins studied 
cannot at the present time be elucidated. No intensive attempts have been 
made as yet to disclose the mechanism of the action of the reagent upon these 
substances beyond the demonstration that a change in the absorption spectrum 
of immune globulin accompanies contact with the reagent. Whether certain 
terminal amino acids such as serine or threonine are o.xidized cannot yet be 
said. That certain proteins are readily inactivated by the reagent is evident 
from the foregoing e.xperimental data. One sliould be reserved in the assump- 
tion that because the biological function of an unknown substance is impaired 
by contact with periodate, the material should be classified as a airbohydrate. 

suaaLVRY 

The action of periodic acid on two biologically active proteins, crystalline 
ribonuclease and pneumococcus Type III immune globulin, and on the virus 
of Western equine encephalomyelitis has been studied. The biological activity 
of the two proteins and the pathogenic action of the virus were destroyed by 
the’ reagent; the specific antigenicity of the immune globulin was retained, 
however, but that of the equine virus was lost. The bearing of these reactions 
on the chemical alteration of the respective substances has been discussed. 
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BY CONSTRICTION OF THE VENA CAVA 

Experimental Ascites an Internal Plasmapheresis; Sodium 
Chloride and Protein Intake Predominant Factors 

Bx FRANK W. McKEE, M.D., PAUL R. SCHLOERB, M.D., JOHN A. SCHILLING, 
M.D., GARSON H. TISHKOFF, and GEORGE H. WHIPPLE, M.D. 

(JPrmt the Deparltneiits oj Pathology and Surgery, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 

(Received for publication, Febraary 17, 1948) 

Workers in this laboratory have long been interested in the production of 
plasma proteins and the fluid exchange which goes on between the circulating 
plasma proteins and various body tissues. Ascites comes into consideration 
in such relation and the experimental method of vena cava constriction was 
used to study the body protein exchange due to ascites. As the experiments 
continued it was obvious that this method presented an admirable technique 
for the study of ascites and some of the related medical problems. Further- 
more, the ascites was not complicated by the presence of extensive liver pathol- 
ogy and was due to venous stasis in the portal area. Ascites was produced 
in the dog by placing a constricting aluminum band on the inferior vena cava 
between the diaphragm and the right auricle. 

This method of vena cava constriction was used by one of us (G. H. W.) in 
1909-10 to produce ascites. The partial obstruction was caused by sutures 
put in the vena cava to produce narrowing of the lumen. This condition would 
last many weeks and then the sutures would cut through with relief of the ob- 
struction and complete absorption of large amounts of ascitic fluid in a matter 
of hours. In these experiments there was no significant liver pathology re- 
fining after relief of the obstruction. As these earlier experiments were 
incidental to a study of liver abnormalities (17) they were soon discontinued. 

The tables below show clearly that vena cava obstruction and the resultant 
ascites may produce a considerable drain on protein reserve stores and a hypo- 
proteinemia. As the ascitic fluid is removed at frequent intervals, there re- 
sults a continuing internal plasmapheresis. The term plasmapheresis as used 
here means the removal of whole blood with subsequent replacement of the 
red cells suspended in a salt solution. As the procedure is used day by day 
one observes an hypoproteinemia which can be maintained for months at an 
oven level. This technique has been used extensively to study the production 
of new plasma proteins as influenced by diet factors (10, 12-14). 

457 



458 


KXPKRmENlVVL ASCITES 


’ Constriction of tlic vena cava between the right auricle and the diaphragm is not 
a new procedure, l)ut previous investigators have used tiie method for entirely dif- 
ferent purposes. In 1903, Bolton (2) attempted a study of “cardiac dropsy,’’ arti- 
fically induced in cats by constriction of the pericardium which interfered with the 
diastolic filling of the heart. The method, however, proved unsatisfactory for a 
large scries of e.xperinients because so many of the animals died from tire operation 
or recovered perfectly without developing dropsy. Bolton then (3, 5) constricted the 
inferior vena cava and found that complete occlusion led to death in a few hours. 
The vein had to be constricted three-fifths of its diameter to produce any dropsy. 
In anotlier publication (4) he stated that ascites due to incomplete obstruction 
gradually increased to a certain point of time — persisting for about 2 to 3 months — 
when it disappeared with the complete establishment of collateral circulation. In 
this same paper he reported an experiment on a monkey in which the inferior vena 
c.ava was constricted to one-half its diameter and the animal killed 1 year later. .A.t 
autopsy he found the vein occluded completely by scar tissue, and the liver enlarged 
with tlie appearance of the human “hob-nail” liver. Microscopically, he found no 
inflammatory clianges, but areas of central degeneration which blotted out entire 
lobules, in many places. The portal canals showed early fibrosis and thickening. 
Later reports (6, 7) discussed further observations of sunilar e.Tpcriments in cats, 
with a description of the patliological changes in the liver and speculations about the 
origin of the ascitic fluid. 

In 1930 Zimmerman and Ilillsmun (18) reported a scries of similar vena caval 
obstnictions in dogs, using an aluminum band as the constricting agent. They found 
that necrosis of the liver followed the simple mechanical obstruction, the extent of the 
necrosis being proportional to its amount. Repair was found to begin as early as 
6 days after partial ligation and to progress to fibrosis about tlie central veins, with 
marked distention of the subcapsular venous sinusoids. Fibrosis increased for about 
85 days followhig ligation and remained stationary at 216 days, which w;is the du- 
ration of the longest e.xperiment. The conclusion from these experiments was that 
central fibrosis could result without infection and w;is due to active proliferation of 
connective tissue. 

Simonds and Callaway (16) reported anatomiad clianges in the livers of dogs, 
following medianical constriction of the hepatic veins, and Armstrong and Richards 
(1) tied the hepatic veins m tlie abdomen and their dogs developed an anemia and 
hypoproteinemia. 

Kershner el al. (11) described a three-stage procedure for ligating the inferior vena 
cava above and below the liver for the purpose of studying the anatomy of hepatic 
veins. They described the anatomic relationships between the hepatic veins and tlie 
posterior vena cava in tlie dog. The method apparently carried a higli mortality 
with only four of forty-six dogs used surviving the series of operations. 

Methods 

The dogs used in these experiments were healtliy animals which had been mahitained on a 
kennel diet of hospital scraps for many months prior to the studies. They were placed in 
metabolism cages in a room convenient for constant observation. Dog 42-893, a beagle 
mongrel female, was used in a pilot e.xperiment to determine the effects of the operation 
and postoperative course. Consequently limited baseline studies were carried out as far as 
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the nitiogcn balance was concerned, emphasis being placed on the blood protein determi- 
nations, weight, and fluid intake and output. the experiment progressed and the dog’s 
health remained essentially unchanged, additional determinations were added to include 
urinary nitrogen determination, fibrinogen levels, occasional fecal nitrogen studies, and later 
sodium chloride studies. The second dog, 40-37, a mongrel spaniel male, obstructed at a 
later date, presents a more adequate preparatory study including nitrogen balance studies. 

The operation performed to constrict the vena cava is comparatively simple owing to the 
anatomic relationship of the dog in which a 3 inch segment of vena cava is present between the 
ihaphragm and the right auricle. The animal was anesthetized by nembutal intravenously 
(1 grmn per 2.4 kg. body weight). The right chest was entered Arough an incision between 
the 6th and 7th ribs, proper hemostasis and asepsis being observed. Oxygen under positive 
alternating pressure (8) was used to maintain inflation of the right limg during the intratho- 
radc portion of the procedure. A self-retaining retractor provided an ample field for ap- 
plication of the constricting band, thereby avoiding a rib resection procedure. The vena 
cava was freed from its membranous attachments, the phrenic nerve dissected away, and 
calipers inserted to determine the diameter of the vessel. The constricting band, consisting 
of a strip of thin pliable aluminum 1 cm. in width, was then applied and the vessel narrowed to 
about one-half to one-third its former diameter, that is, from 1.0-1.2 cm. to 0.4-0.5 cm. The 
wound was then closed in layers, a jacket applied to the thorax, and the oxygen discontinued. 
Asatic fluid accumulation began rather promptly in all cases. 

Determinations of plasma protein and ascitic fluid protein were made by macro-Kjeldahl 
method. Plasma albumin and ascitic fluid albumin were measured by the methanol pre- 
cipitation method of Pillemer and Hutchinson (15), followed by macro-Kjeldahl study of the 
filtrate. Fibrinogen was determined by the micro-Kjeldahl analysis of the clot following 
calcium chloride precipitation. Urinary nitrogen was determined on 48 hour samples by the 
macro-Kjeldahl method. Fecal nitrogen determinations were made on 1 week pooled speci- 
meas, but were discontinued after several determinations yielded weekly amounts of less than 
3 gm. total nitrogen. 

The low protein diet consisted of 100 gm. of a sucrose, lard, bone ash mixture, with added 
vitamins plus 30 gm. of cooked horsemeat and had a daily nitrogen content of 1.4 gm. Ferric 
citrate (600 mg. iron) was added daily. 

The high protein diet consisted of 300 gm. of cooked horsemeat with added vitamins and 
ferric citrate and contained 13.4 gm. of nitrogen daily. Soy bean meal was used in one case 
(Table 1). This diet consisted of 200 gm. of cooked soy bean meal mixed with 200 gm. of 
cooked horsemeat and having a daily nitrogen content of 13.6 gm. 

Nitrogen balance was determined by subtracting nitrogen output (ascitic fluid and urine) 
from nitrogen intake (diet). 

Electrophoretic studies of plasma and ascitic fluid were performed by Dr. Eric Ailing. 

EXPERIMENTAL OBSERVATIONS 

The two dogs followed basically the same postoperative course. Recovery from opier- 
alioii was uneventful. A few days after opieration, the presence of intraperitoneal fluid 
Was detected and weekly paracenteses were instituted. In one dog on which the operation 
was fot tried to explore difficulties in technique, about 1 liter of clear yellow-tinged fluid was 
ound in the peritoneal cavity when the animal was killed imder ether anesthesia 5 days 
0 owing application of the band. During the recovery preriod, the dogs were maintained 
un the usual kennel diet of hospital scraps. The ascitic fluid removed was reddish with a 
c^tocrit of about 1.0 to 0.2 per cent. It was rich in protein and formed a jelly-like clot on 
s cling. Electrophoretic studies showed the ascitic fluid to be of identical pattern with the 
P ^ ma protem, though at lower levels, with elimination of the fibrinogen peak in the ascitic 
Uuid (as a result of the clot formarion). 
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ColJatcral circulation became evident in 4 to 6 weeks following operation. This was more 
evident in the female of the two dogs studied, since this dog had well developed mammary 
vessels, presumably because she had had pups. During the postoperative period it was 
noted that the plasma protein levels diminished gr.idually and that the ascitic fluid gradually 
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Conlrasling Ejfccis of High Protein and Kennel Diets {Poor Protein) 

{Dog 42-S9J) 
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5.6 

1.3 
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11.4 


4.8 

1.1 

3.5 

1.2 

EH 

82.2 


increased. At that time tire kennel diet was largely a mixture of vegetable material and 
grains (wheat and rice), and though not analyzed was definitely on the low protein side. 
About 5 weeks after the operation the dog, 42-893, was placed on a high protein diet con- 
sisting of 200 gm. cooked soy bean meat, 200 gm. of cooked horsemeat, added vitamins, and 
ferric citrate solution, with a daily nitrogen intake of 13.6 gm. 

Table 1 presents a contrast between the high protein diet and the kennel diet 
in the maintenance of plasma protein concentration and the formation of 
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ascitic fluid in dog 42-893. On tiie high protehi diet, the plasma protein con- 
centration was maintained at about 7.0 gm. per cent except on a single occa- 
sion, while the protein concentration of the ascitic fluid ranged in the neigh- 
borhood of 6.0 gm. per cent with comparable A/G ratios. The volume of 
ascitic fluid was fairly low except for 1 week (period 3) when 1450 cc. were with- 
drawn. This discrepancy may be explainable on the basis of later findings 
regarding the importance of sodium chloride intake, since the dog received an 
undialyzed hambone in addition to its usual rations during period 3. Protein 
in amounts of 29.6, 24.0, 87.0, and 25.2 gm. respectively, an average of 41 gm. 
per week, was removed in the ascitic fluid. Hematocrit changes were neg- 
ligible. 

After 4 weeks on the high protein diet, the animal was returned to the kennel 
diet. The effect of this diet on the plasma protein concentration was remark- 
able, the level ranging between 4.5 and 5.5 gm. per cent during the 5 weeks of 
the experiment. During this period the amount of ascitic fluid increased 
strikingly, necessitating semiweekly paracenteses in some instances. The 
ascitic fluid protein level fell to and was maintained below 3.5 gm. per cent, 
and protein in amounts of 107.5, 66.6, 156.9, 61.9, and 82.2 gm. respectively, 
an average of 95 gm. per week, was removed during the last 5 weeks. Hematp- 
crit readings showed development of slight anemia, and weight increase was 
commensurate with accumulation of intraperitoneal fluid. 

Observation of the increased amount of ascitic fluid produced while the dog 
was maintained on the keimel diet, indicated the necessity for nitrogen balance 
studies. Consequently (Table 2), the dog was shifted to the high protein diet 
of 300 gm. of cooked horsemeat daily. The animal was next given a diet of 
sucrose, lard, bone ash, and vitamin supplements with 30 gm. of horsemeat 
and 600 mg. of iron as ferric citrate. The nitrogen content was 1.4 gm. daily. 

Table 2 presents a continuation of Table 1. The high plasma protein con- 
centration and low ascitic fluid output were again prominent results of the high 
protem diet. Nitrogen balance was strongly positive. After 3 weeks on this 
diet without remarkable change in hematocrit or fibrinogen readings, the low 
protein diet was started. The pattern was somewhat different from that when 
the dog was on the kennel diet. The plasma protein level fell slowly and after 
2 weeks was still above 6 gm. per cent. Ascitic fluid production was not con- 
spicuous with protein concentration of 4.9 and 4.4 gm. per cent respectively 
for the 2 weeks and total protein removed of 31.9 and 36.9 gm. for the two 
periods. These amounts were about one-third of those recorded when the 
animal was on the kennel diet. It was assumed therefore that factors other 
than protein intake were in part responsible for the variation in fluid accumula- 
tion. One of these factors was presumed to be sodium chloride. Consequently 
the animal was continued on the low protem diet and in addition was given 6 
gm. of sodium chloride in capsule form daily (periods 6 and 7). Immediately 
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the ascitic fluid accumulation increased, fluid relatively poor in protein, while 
the blood plasma protein concentration dropped below 4.5 gm. per cent. Dur- 
ing the 2 week period while the animal was maintained on low protein diet with 
added sodium chloride, 5390 cc. of ascitic fluid containing 110.5 gm. of protein, 
and average of 55.2 gm. weekly, were removed. In period 7 the dog refused 

TABLE 2 

Conlrasting EJjals of High Protein Did, Lo'o) Protein Did, and 
Sodium Chloride Added to Low Protein Diet 
{Dog 42-S93) 


Period 
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1 

Diet 
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if. 
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jCw. 
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1 
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33.6 

7.1 
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— 

— 

— 

— 
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93 6 


40.6 
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32.0 

6.8 

1.3 
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0.9 
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32.5 
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— 

H 
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358 1 
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30.0 

7.8| 


— 

■ 

B 
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1 


3 
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1 

8.2 

l.I 

— 

H 

B 

B 
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93 6 

2.5 

65.7 




34.8 

7.7 

1.1 

5.4 

1.2 

300 

Bf»m 
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332 




4 
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37.9 


1.4 

— 

H 

1 


302 

S 2 


14.8 




37.0 

6.6 


4.9 

1.9 
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31.9 
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5 
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6.5 

1.4 

— 

' 

— 

— 

— 

6 6 

6.0 

18.5 



9.3 

37.4 

6.2 

1.2 

4.4 

1.3 
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36.9 
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PS 
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4.9 


— 

— 

— 

— 

212 

4 9 

9.1 

12.3 


plus NaCl 


31.5 

4.3 

2.2 

2.6 

3.3 


56.8 
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Low protein 


33.0 

4.1 

1.1 

1.9 

20.0 

2220 

42.2 

— 

0 

s s 

10 8 


plus NaCl 



4.3 

— 

1.0 



11.5 

310 




all of the low protein diet but the sodium chloride was continued. This state 
of affairs provided a contrast to that of the previous 2 weeks when tlie animal 
was receiving the low protein diet alone and produced 1490 cc. of ascitic fluid 
containing 68.8 gm. of protein, an average of 34.4 gm. weekly. Changes in tlie 
hematocrit findings were negligible and fibrinogen levels trended downwards 
as the plasma protein concentration fell. Note the very high A/G ratio due 
to great albumin preponderance in period 7. 
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Table 3 illustrates a similar scries of experiments performed on the second 
dog, 40-37. During tlie 2 week period while the animal was on the high 
protein diet the plasma protein level was maintained above 7.0 gm. per cent, 
no ascitic fluid was produced, and a positive nitrogen balance was recorded. 

TABLE 3 

Conlrasiins Effects of High Protein Diet, Low Protein Diet, and 
Sodium Chtoridt Added to Low Protein Diet 
(Dog 40-37) 



During the foUowmg 3 weeks the dog ate a low protein diet containing 1.58 
gm. of nitrogen daily. The animal’s weight increased 1.1 kg. and the plasma 
protein level fell gradually so that at the end of the period it was 5.7 gm. per 
cent. This weight increase in large part surely represented the accumulation 
of ascites, and some of the 2000 cc. removed in the first part of period 6 was 
related to this reaction. The overall nitrogen balance for the low protein 
period was negative with output exceeding intake by 11.1 gm. 

During the following 10 daj^ (periods 6 and 7) the animal received 6 gm, of 
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sodium chloride daily in addition to tlie low protein diet. The plasma protein 
concentration fell below 4.0 gm. per cent, and was 4.1 gm. per cent at the final 
determination. During this 10 day period 6330 cc. of ascitic fluid containing 
130.3 gm. of protem were removed, an average of 86.8 gm. weekly. Nitrogen 
for the period showed a 36.6 gm. negative balance. Hematocrit showed a 
rise during the latter part of tlie low protein period, and during the time when 
the sodium cliloride was added to tlie diet. This might well be a hemoconcen- 
tration associated with a drain of plasma protein and reduction of the circulating 
plasma volume. Fibrinogen figures showed a doivnward trend during tlie 
period of lowered plasma protein concentration. The results of this series of 
experiments agreed witli those presented in Tables 1 and 2. 

In view of the remarkable cliange m both circulating plasma protem level 
and ascitic fluid production brought about by tlie liberal addition of sodium 
chloride to the diet, it seemed pertinent to try a sodium-free salt mixture as 
another means of checking the relationship of the sodium ion to ascitic fluid 
production. Through the courtesy of the Wintlirop Chemical Company, we 
were able to obtain a supply of such a sodium-free mixture.^ 

Mter a 3 week rest period on a high protein diet, the final week of which is 
recorded in Table 4, dog 42-893 was placed on the standard low protein diet 
for 2^ weeks. The results of these two trials agreed with previous data. The 
plasma protein level stabilized at slightly under 6 gm. per cent and the nitrogen 
balance was slightly negative. After this introductory program, 6 gm. of 
sodium-free salt mixture in capsule form were given in addition to the low 
protein diet for a 10 day period. The plasma protein level did not change 
perceptibly during this period, remaining slightly below 6 gm. per cent. The 
animal produced 670 cc. of ascitic fluid containing 19.7 gm. of protein, an 
average of 13.1 gm. weekly, and was in slightly negative nitrogen balance for 
the period. There were no toxic efi'ects from the neocurtesal, and animal 
remained alert, active, and in good health. No significant changes in weight, 
hematocrit, or fibrinogen level were noted. 

Immediately following this 10 day period, the dog was continued for a 7 
day period on the low protein diet, but with 6 gm. of sodium chloride replacing 
tlie 6 gm. of sodium-free salt mixture. Immediately the plasma protein level 
began to fall, and continued to fall steadily reaching a level of 4.2 gm. per cent 
at the end of the period. Increased amounts of ascitic fluid were formed and 
4250 cc. containing 61.0 gm. of protein were removed. The nitrogen balance 
was more definitely negative, while the weight increased due to the fluid ac- 
cumulation, and the hematocrit readings remained at tlie same anemic level. 

A follow-up week of high protein diet was also recorded in this table to 

1 The trade name for the mixture is “neocurtesal.” The formula for the compound is 
potassium chloride 66.0 per cent, ammonium chloride 12.0 per cent, starch 17.0 per cent, 
potassium formate 3.0 per cent, calcium formate 1.0 per cent, and magnesium citrate 1.0 
per cent. The compound has a saline taste. 
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iUustrate the prompt clearing of ascites, and the recovety of plasma protein 
to former normal concentrations, with the attending positive nitrogen balance. 
After a 5 week period of rest on a high protein diet, the last two weeks of 

TABLE 4 

ConSrasting Ejects of Sodium-Free Sail Mixture and Sodium Chloride 
Added to Lovi Protein Diet 
{Dog 42-89 J) 


Period 

7 

dijs 

Diet 

U 

*3 

> 

a 

o 

"3 

g 

X 

Concha tratioa 

Ascitic 

fluid 

removed 

] 

a 

u 

&0 

e> 

•2 

S'itrogeQ biUncc 

Intake 

minus 

output 

Plisma 

proteixu 

Ascitie 
Said 
pro terns 

O 

1 

*3 

> 

Total protcio 

Xa- 

take 

Output 

o 

A 

*o 

«n 

< 

o 

P 

1 

Hi^ protein 

1 

1 

#ef 

cent 

7.4 

7.0 

a/G 

0.7 

0.9 

£m. 

Per 

cent 

3.8 

AJG 

0.6 

cc, 

360 

13.7 

m£. 

per 

cent 

286 

93,6 

2.2 

57.1 

34.3 

2 

Low protein 

fm 

li 

1 

6.6 

6.3 


— 

— 

— 

B 

B 

11.1 

B 

14.5 

-3.4 

3 

4 

Low protein 


28.7 

31.2 

6.1 

5.9 

MM 

3.3 

3.0 

1.5 

0.9 

675 

440 

22.3 

13.2 

265 

254 

11.1 

5.8 

12.6 

i 

Low protein 
Low protein 
plus sodium- 
free salt 


27.3 

29.6 


1 

2.9 

1.3 

410 

11.9 

295 

234 

6.3 

6.3 

1.9 

6.4 

6.1 

1 

5 

Low protein 
plus sodium- 
free salt 

9.6 

9.2 

30.5 

29.7 

5.9 

5.9 


m 


260 

7.8 

274 

11.1 

1 

1 

B 

6 

Low protein 
plus NaCl 

M 

5 31.' 
}31.( 

S.C 
) 4.2 

0.5 

0.5 

1.9 

1.3 


S 

18.1 

42.9 

332 

11.1 

9.5 

13.6 

-12.0 

7 

High protein 

il 

1 

3 6.1 
8 7.( 

1 

— 

— 

— 

— 

— 

— 

93.(3 

B 

in 

m 



which are shown in Table 5, the dog was given 6 gm. of neocurtesal daily in 
addition to the high protein diet for a week period. The plasma protein level 
did not change from its former range of over 7,0 gm. per cent, there was no 
ascitic fluid production, and the positive nitrogen balance increased. 

During the next weeks (periods 4 to 6, Table 5) 6 gm, of sodium chloride 
daily was added to the high protein diet. A definite change in all the deter- 
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minations occurred almost immediately. The plasma protein concentration 
fell from 7.3 gm. per cent to 4.9 gm. per cent in spite of nitrogen intake of over 
13 gm. per day. The ascitic fluid production was active and 5235 cc. containing 

I 

TABLE 5 

Cotlirasling BJfects of Sodium-Free Salt Mixture and Sodium Cldoride 
Added to High Protein Diet 
{Dog 42-893) 
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* 3 weeks of high protein diet preceding. 


161.5 gm. of protein, a weekly average of 64.6 gm., were removed. The nitro- 
gen balance remained positive. Hematocrit and fibrinogen values did not 
change. 

A 10 day recovery period on a high protein diet alone showed a gradual re- 
turn toward a normal plasma protein concentration with an immediate drying 
up of the ascitic fluid. The urinary nitrogen output returned to the levels of 
periods 1 and 2. 
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TABLE 6 

Conlraslins Effects of Sodium-Free SaU Mixture and Sodium Chloride 
Added to High Protein Diet 
(Dog 40-37) 
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^ Table 6 illustrates a similar group of experiments on dog 40-37. The addi- 
tion of 6 gm. daily of neocurtesal to the high protein diet caused insignificant 
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differences in the plasma protein level for tlie 10 day period with no detectable 
fluid production and no great change in the nitrogen balance. 

After an interval of eight weeks on a high protein diet alone, the final two 
of which arc shown in periods 5, 6, and 7 in tlie table, the dog was given 6 gm. 
of sodium cliloride in addition to the horsemeat diet. The amount of ascitic 
fluid produced was not as large as noted in the first dog, probably because of 
tlie increasing development of collateral circulation and lessened portal stasis, 
but nevertlieless significant changes were present. The plasma protein con- 
centration dropped from 8 gm. per cent down to below 6.0 gm. per cent in the 
2 week period with the production of 1490 cc. of ascitic fluid containing 62.5 
gm. of protein. The nitrogen balance remained positive. This fluid produc- 
tion took place after 3 montlis of complete freedom from ascites. 

In addition to the experiments recorded above, a few other pertinent ob- 
servations are available. 

Dog 40-37, which had tlie constricting band placed about its inferior vena cava on De- 
cember 18, 1946, was reoperated upon January 7, 1948, at which time the vena cava was 
ligated completely and sectioned. The dog remained well for 9 days following this pro- 
cedure, and then became increasingly inactive, refused food, and died 13 days after the vein 
section. At autopsy, about 1500 cc. of ascitic flm’d was found. The collateral vessels were 
well developed in the omentum, with adhesions to the peritoneal surfaces, in the mediastinum, 
and throughout the pleural surfaces of the diaphragm. Azygos veins were greatly enlarged. 
Numerous adhesions, some of tliem of recent fibrinous nature, were present about the liver. 
The cause of death was ascertained to be acute pyloric ulcers with massive intestinal 
hemorrhage. 

The liver weighed 500 gm. The capsule showed numerous areas of greyish fibrosis and 
tliere were interlobar adhesions and adhesions to the diaphragm and surrounding structures 
of botli fibrinous and fibrous nature. The parenchyma showed numerous large nodular 
deformities. On section the organ showed a subcapsular zone measuring about 0.5 cm. in 
widtli which was markedly congested. There were numerous nodular areas of paler re- 
generating tissue intermingled with dark red congested tissue. In general the central areas 
appeared dark red and dilated against a yellow'ish grey background. 

Histologically, the lobular structure was fairly well preserved. The subcapsular si- 
nusoids were greatly dilated so that tlie picture was almost hemangiomatous in some places. 
The subcapsular liver cells were large and pale and contained considerable glycogen. The 
remainder of the parenchyma showed numerous foc.al necroses and the portal vessels were 
greatly dilated in every case. 

Another experimental animal, dog 44-180, on which a similar procedure to constrict the 
vena cava was performed on April 17, 1947, and a second procedure witli complete ligation 
and section of the vena cava on July 18, 1947, was sacrificed on November 22, 1947, a period 
of 7 months intervening since the initial operation. At autopsy there was no ascites. The 
'collateral vessels were well developed in the mediastinum, in the omentum, and in adhesions 
about the liver. The azygos and intercostal veins were greatly dilated. The viscera in 
general were within normal limits. 

The liver weighed 660 gm. The external surface showed a few macular areas of greyish 
fibrosis measuring up to 2 cm. in diameter. Numerous web-like adhesions were present be- 
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tween the various lobes. The organ was dark colored and congested. It was quite firm and 
cut with resistance. The cut surface showed a regular pattern with small greyish white areas , 
against a reddish purple background. In some areas there was a yellow mottling indicating 
a fatty change. Intrahepatic vessels were dilated. In some areas the parenchyma was 
slightly elevated above the usual surface, and in these areas there was regenerative change. 
The gall-bladder was smooth and pale and contained about 10 cc. of dear bile. The extra 
hepatic ducts were patent 

Histologically, the liver was in general dose to normal. The liver cells contained much 
glycogen and scattered fat droplets. No necrosis was observed. Glisson’s capsule, bile 
ducts, and portal structmres were normal. There was a marked general and central con- 
gestion. The stroma of the central portion of the liver lobules was somewhat thickened, but 
no large scars and no irregularity of lobulation were observed. 

These livers thus resembled those described by Bolton (4), and Zimmerman and Hill s man 
(18) — a severe passive congestion with perhaps some early central fibrosis. 

Liver function tests showed negative thymol turbidity tests after more than 
1 year in dog 42-893 and dog 40-37. Bromsulfalein clearances showed a 6 
per cent retention in dog 42-893 after 9 months, and 7 per cent retention in 
dog 40-37 after 6 months. Dog 44-180 showed a 2 per cent bromsulfalein 
retention and a negative thymol turbidity 3 days before sacrifice. Blood 
chloride determinations fell within normal limits, and when the animal was 
on a diet with e.vtra sodium chloride added, the ascitic fluid chlorides rose as 
the ascitic fluid proteins declined. 

DISCUSSION 

Is there a circulation of ascitic fluid — ^in other words is the ascitic fluid being 
constantly added ho from the portal circulation and constantly absorbed by 
the lymphatic apparatus in the diaphragm and pelvis? It seems almost certain 
that some absorption of ascitic fluid takes place since the normal peritoneal 
cavity promptly removes introduced fluid, plasma, and even red cells (9) in 
considerable amounts. In a dog with 1000 cc. of ascitic fluid one would wish 
to know just how rapid this absorption might be. It is not safe to assume that 
when ascites is accumulating the excess fluid means the algebraic sum of the 
ascites extravasated less the total absorption from a normal peritoneal cavity. 
This question can be approached experimentally and some work is in progress. 

Plasmapheresis in standard hypoproteinemic dogs (10) shows that 70 gm. 
new plasma production per week is a high output for a 10 kg. dog. It is ob- 
vious from many of the experiments tabulated above (Tables 1 and 3) that 
this experimental ascites and the resulting internal plasmapheresis may produce 
95 gm. of new plasma protein in the ascitic fluid removed each week (average 
of the last 5 weeks (Table 1) on keimel diet). This large protein output may 
be m part a carry over from the preceding high protein diet periods, but, 
allowing for this and the drop in the concentration of the circulating plasma 
protebs, we have at least a normal high plasma protem output by way of the 
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removed ascitic fluid. This of course suggests that the portal stasis has not 
seriously embarrassed the function of the hepatic epithelium which is important 
in the plasma protein production. 

The influence of the sodium ion upon the accumulation of ascitic fluid, as 
observed in cardiac dropsy, is obvious in these eiperiments. We were sur- 
prised by tlie amount of the resulting ascitic fluid. The amount of protein in 
the diet is likewise a factor, and a high protein intake may eliminate an ascites 
which persists on a moderate or low protein intake. The changes in the 
circulating plasma protein concentration are definite and result from the loss 
of plasma protem by way of the ascites and the lessened production of new 
plasma protein from the low protein diet. There is room for study of palatable 
sodium-free seasoning agents which have no injurious after-effects. In simple 
portal stasis in humans, it may be possible to control the accumulation of 
ascites by meticulous attention to the sodium intake and the protein content 
of the diet. 


SUIOLIRY .‘tND CONCLUSIONS 

Constriction of inferior vena cava above the diaphragm is used to produce 
experimental ascites in the dog. 

This type of e.Tperimental ascites drains the body protein reserves, reduces 
the level of circulating plasma proteins, and in effect is an internal plasma- 
pheresis. 

As the ascitic fluid is withdrawn and the proteins measured, we observe a 
production of ascitic protein (80-90 gm. per week) comparable to that removed 
by plasmapheresis (bleeding and replacement of red cells in saline). 

High protein diet tends to decrease the ascites but the protein content of 
the ascitic fluid may increase. 

Sodium chloride increases notably the volume of the ascites which accumu- 
lates and the total ascitic protein output increases. Sodium-free salt mixtures 
have a negative influence. 

High protein diet low in sodium salts gives minimal ascitic accumulation 
under these conditions. 

The question of circulation of the ascitic fluid is raised — how rapid is the 
absorption and the related accumulation? 
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THE DETERIMINATION OF THE CONCENTRATION OF THE 
DYE T-1824 IN NORMAL AND LEPEMIC PLASMAS 
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{Prom Ihe Hospital of The Rockefeller Institute for Medical Research) 

(Received for publication, February 10, 1948) 

The customary method of reading the optical density of a dye-stained plasma 
sample at a standard wave length against dye-free plasma at the same wave 
length is imsatisfactory in very lipemic plasma for three main reasons: (1) 
Few spectrophotometers are available which can accurately determine relatively 
small differences in optical density at high optical densities, such as are encoim- 
tered in turbid, lipemic plasmas. (2) There appears to be a specific effect of 
the suspended fe.t particles in their scattering of light. This scattering results 
in changes in the T-1824 extinction-concentration curves which are thereby 
different in lipemic and non-lipemic plasmas. The difference increases with the 
degree of lipemia though the increase is not linear. (3) At high lipid particle 
concentrations the fat particles appear to be unstable and tend to coalesce and 
rise; optical densities of unstained samples of the same lipemic plasma may vary 
by as much as 10 per cent, so that the blank optical density caimot be measured 
precisely. Calculations of plasma volumes by the dye method with lipemic 
plasmas have been reported to give results which are completely erroneorm (1), 
particularly when there is a difference in the degree of lipemia between blank 
and dye-stained plasmas. Such changes in the degree of lipemia are par- 
ticularly marked following the intravenous administration of human albumin 
( 2 ). 

Several procedures have been suggested to surmount this difficulty. Luetscher 
(2) has recommended measuring the optical densities of plasmas at the usual wave 
length (X = 620 m;t) and another “indifferent" wave length, {e.g. X = 540 m/i) at 
which the dye absorbs relatively little light, to compensate for changes in lipemia. 
This, however, has been found to be impractical with plasmas where the blank optical 
density is 1.5 or higher in the cuvettes used (cylindrical, about 10 mm. internal 
diameter) at X = 620 ntfi because the blank optical density increases markedly with 
decrease in wave length. For photometric measurement Harington, Pochin, and 
Squire (3) have suggested that the dye be c.xtracted from plasma into butyl alcohol 
by a procedure which is complicated and is affected by hemolysis. Crooke and 
Morris (4) have used the filtrate from precipitation of the plasma proteins and lipids 
with a hydrochloric acid-ethanol-phosphotungstic acid reagent; a correction is re- 
quired in the presence of hemolysis. In additioq^ the supernatants are not always 
clear and fading of the dye occasionally occurs, because of an undetermined impurity 
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ill the phospliotungstic acid (5). Morris (5) has used chromatographic adsorption 
of tlie dye from plasma adjusted to pPI 10 onto a column of alumina, followed by 
elution with acetic acid and ethanol. This procedure, too, is affected by hemolysis 
and requires an elaborate apparatus. Another method based on the reduction of 
T-1824 by NaoS^Oi in alkaline solution has been reported from this laboratory by 
Phillips (6). The results obtained by this method are not affected by hemolysis and 
are apparently quite reliable. A type of spectrophotometer more precise than may 
be generally available is required and it is necessary to wait 12 hours to finish a deter- 
mination. Further, Phillips’ mctliod cannot correct (o) for the change in optical 
density which may occur as a result of the rise of the fat particles to the top of the 
plasmas after the plasmas have been c-vposed to the cold for a few hours, (b) for the 
possible coalescence of the fat particles, and (c) for the effect of the lipemia in spite 
of the 1 :5 dilution. Other procedures, such as fat extraction with ethylene-dichloride 
and centrifugation at 18,000 rjp.u., have been reviewed by Gregersen (7) but were 
found unsatisfactory in the presence of marked h'pemia. Gibson, quoted by Thom 
(1), has unsuccessfully tried extraction of the fats with triethyl phosphate. 

The present paper reports a procedure which permits the determination of 
T-1824 in lipemic plasmas. It is based on addition of acetone, which dissolves 
the lipids,' extracts- the T-1824, and precipitates the plasma proteins. A small 
fraction of the dye, varying with the plasma protein concentration, remains 
bound in the precipitated protein. Because of this, it is necessary to prepare a 
reference solution (8) of the dye in the subject’s plasma for each determination. 
The method is relatively little affected by hemolysis, and, since the lipid par- 
ticles disappear, is not at all affected by changes in the degree of lipemia. Ap- 
proximately 1 hour is required for a complete determination. 

The method was developed to study plasma and blood volume changes in 
nephrotic children treated with intravenous human albumin; it is not proposed 
as a substitute for the usual procedures in the absence of lipemia. Its relia- 
bility has been checked in normal individuals and with normal plasmas but not 
in diseases other than the nephrotic syndrome. The general procedure and 
precautions for the determination of plasma volume and whole blood volumes 
with T-1824 have been set forth in detail in the publications of Gregersen and 
his coworkers and those of Gibson and his associates. 

Materials and Technic 

Reagents 

Acetone, analytical reagent. 

T-1824, 0.5 per cent solution in glass ampoules.* 

NaCl, u. s. p. grade, 0.85 per cent in distilled water. 

* Determination of total lipid carbon in plasma and the acetone extract shows that approxi- 
mately 50 per cent of the total h'pid is extracted in the acetone. 

* “Extracts” is used advisedly. In plasma, the T-1824 is bound to the albumin fraction 
and is removed from the albumin by the acetone which precipitates the protein. Most of the 
T-1824 remains in solution in the acetone. 

* Procurable from the WilUam R. Warner Co., New York. 
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Procedure^ 

Drccjiin^ ettd Hcftdling of Blood. — ^Approxiniatcly 4 nil. of blood is drawn and transferred 
to a test tube containing dried heparin. Heparin is preferred as anticoagulant; if oxalate is 
used the amount should not exceed 1 or at most 2 mg. per ml. of blood. Larger amounts of 
oxalate may cause hemolysis. The needle is left in place in the vein and a Krogh-Keys 
syringe pipette,* containing the dye, is adapted to the needle; the dye is injected at one stroke. 
The Krogh-Keys syringe pipette is not washed with blood after the delivery. The syringe 
and needle are then removed together. After the required time interval (in this laboratory 
both 10 minute intervals and the falling curve method have been used) another sample of 
blood® is drawn. 

The blood samples, after aliquots have been set aside for hematocrit determinations by 
centrifugation, are centrifuged at 3000 r.p.u. for 10 minutes and the plasmas separated with 
care to avoid drawing up red blood cells. Very lipemic plasmas may require longer or re- 
peated centrifugation. 

One mL of the dye-stained plasma and two samples of the unstained plasma are pipetted 
accurately into 12 X 7S mm. Pyrex tubes. To each of the dye-stained samples and to one 
of the dye-free samples is added, from a 2 ml. burette, exactly 0.2 ml. of 0.85 per cent NaCl. 

Preparolion of Standard. — ^The syringe previously used for the intravenous injection of 
the dye is now refilled with dye solution to the same mark used for the injection and is fitted 
to a needle filled with saline solution. The dye solution in the syringe is then injected into a 
volumetric flask suitable to permit exact dilution with 0.85 per cent NaCl to a final volume 
roughly one-fifth the expected plasma volume. For example, if the expected plasma volume 
is 2500 ml., a 500 ml. volumetric flask is used. To have the same dead space in the needle 
it is necessary to use the same needle that was employed for the intravenous injection. 

The standard solution is prepared by adding of the diluted dye solution exactly 0.2 ml. to 
1 ml. of one of the unstained plasmas in a 12 X 75 mm. Pyrex tube. 

Measurement of Dye Concenlratim in the Plasma 

There are now 3 tubes prepared, which are designated as follows: a, the plasma blank, 
rw. plasma without dye; Db, the standard prepared by adding dye to plasma in vitro- Dr, the 
dye-stained plasma drawn from the subject 10 minutes after the intravenous dye injection. 

The contents of all 3 tubes are gently swirled to ensure mixing, and to each is added 3.0 ml. 
of acetone from a 25 ml. burette. The stopcock of the burette is greased with a silicone 
lubricant. As each tube receives the acetone it is closed with a rubber stopper and shaken 
vigorously for 10 seconds. The tubes, still stoppered to prevent evaporation of acetone, are 

* The procedure may be applied when necessary to O.S ml. samples of plasma. In that 
ease only 0.1 ml, of 0.85 per cent NaCl, 0.1 ml. of the diluted dye solution‘s and 1.5 ml. of 
acetone will be added. The pipetting and the addition of acetone require considerable care 
under these circumstances to avoid error. 

‘ This can be obtained from the Macalaster Bicknell Company, Cambridge, Massachusetts. 
The screw shaft which is used to adjust the course of the syringe plunger must be filed to a 
pomt, and the surface of the syringe plunger must be flattened to a plane surface by grinding, 
hi addition, it is necessary to mark a point on the end of the plunger so that it may be kept 
in line with a mark on the barrel, and thus used in the same position for delivery and calibra- 
tion. Ordinary tuberculin type syringes may be used if modified as described. 

‘The requirements of plasma are: Two ml. unstained plasma, 1 ml. of which is used for 
the blank and 1 ml. for the standardization of plasma plus dye. Subsequent samples require 
only I ml. of plasma. Allowance must be made for the 1 ml. of whole blood required for a 
ematocrit. Knowledge of the approximate hematocrit in the patients permits economy of 
the amount of blood drawn. 
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then centrifuged at 2000 r.p.u. for 15 minutes. The precipitated proteins will be found 
packed at the bottoms of tlie tubes. The clear supernatants are transferred to tlirce photom- 
eter cuvettes/ which arc immcdiatclj' stoppered to prevent evaporation of tlie acetone. 
At tliis point some protein particles may be found suspended in the acetone. If tliey do 
not settle in a few minutes they can be brought down by centrifugation for 5 minutes at 1500 
R.p.ii. Any air bubbles on tlie walls of Uie tubes will be removed at the same time. 

The optical densities of tlie solutions arc read in the spectrophotometer at X = 620 m/a. 
The supernatants, while usually clear, have been found on occasion to be very faintly turbid. 
The turbidity has been the same in all tubes of a series and at most increases tlie optical 
density by 0.01. The turbidity increases if the tubes arc cooled, and disappears if they are 
slightly warmed. It is desirable, therefore, to avoid any marked diange in temperature 
during the whole procedure. 

Calculations 

An expression similar to that used by Phillips ct al. (8) has been found convenient:* 


Plasma volume in ml. = 5 X Vs X 

Dr — a 

where Dr = optical density of the plasma to which dye has been added in vitro, Dr = optical 
density of the dye-stained plasma, a. = optical density of the plasma blank, and Vr = volume 
in milliliters to which the dye in tlie syringe is diluted with saline. 

The whole blood volume is calculated from the expression: 


Whole blood volume = 


100 X plasma volume 
100 — true cell volume 


where the true cell volume is found by multiplying by 0.955 the value found by tlie Win- 
trobe hematocrit’ to correct for the 4,5 per cent of plasma trapped by the cells (9). 

For calculation of the blood and plasma volumes by the falling curve method, tlie usual 
semilog plot of the optical density due to dye against time is used. 


EXPERIMENTAI, 

Agreement with Beer's Law. — series of experiments was done in which 
increasing amounts of the dye diluted 1 : 100 in 0.85 per cent saline were added 
■to 1.0 ml. aliquots of plasma from different patients and normal individuals. 

’ Because centrifugation of tlie cuvettes may be necessary it is recommended tliat each 
investigator calibrate a set of 50 or so 12 X 75 mm. soft glass test tubes. Out of 200 such 
tubes it was possible to obtaine three sets of approximately 50 tubes, each set having an 
internal agreement of better than zfc 1 per cent. 

’ The derivation (not given in reference 8) of this expression depends on the fact that the 
product of the concentration of the dye and the volume gives the total amount of dye present. 
If Cl is the concentration of the dye in the reference solution, Cj tlie concentration in the 
plasma, Vi the volume of the reference solution, and Vt the plasma volume, then Ci X Fi = 

Cj X Vi whence Fj = Li. In practice Fa is made to be 1/5 Fi so that only 0.2 ml. 

Cl 

of the reference dye-NaCl solution need be added to the unstained plasma instead of the 1.0 
ml. which would be required if Fi were to equal Fa. Therefore F« is multiplied by 5. 

’ The blood is pipetted into Wintrobe hematocrit tubes and centrifuged for 60 minutes at 
3000 R.p.M. in a centrifuge with an 18 cm. radius. 
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The dye-stained plasmas were then carried through the acetone procedure. In 
all cases the optical density due to the dye was found directly proportional to 
the dye’s concentration in the plasma. An example is given in Fig. 1. It was 
noted in the plasmas of patients with low protein that the amount of dye ex- 
tracted was greater than in normal plasmas and tended to increase with de- 
creasing protein concentration. A possible explanation of this effect is given 
later. With regard to the optical densities of the blank plasmas after treat- 
ment with acetone, the variation was so small compared to the optical density 
due to the dye that this variation could be neglected. For example five serial 
samples of blood taken from a normal individual after a low fat meal at 15 



MI. of n005 pep cent dye in 0.85 pep cent NaCl added to 
1.0 mUof plasma. Pinal volume vos mode up to 1.2 ml* 

■with 0.85 pep cent HaCl 

Fig. I. Extinction-concentration curve of T-I824 in plasma treated with acetone. 


minute intervals gave blank plasma optical densities of 0.081, 0.090, 0.071, 
0.069, 0.068 by the standard method,*® and of 0.009, 0.008, 0.008, 0.007, 0.008 
after treatment with acetone. 

Eject oj Lipemia on the Acetone Method and the Standard Method ^^. — ^The 
degree of lipemia had no effect on the amount of dye measured by the acetone 
method, as the fat particles disappeared on treatment with acetone. The op- 
tical densities of the supernatant acetone solutions from unstained plasmas 

The term “standard method” indicates the method in which the concentration of dye in 
pl^ma is estimated from the optical density of the dye-plasma mixture, without treatment 
with acetone. In the present work the standard method is applied as described by Phillips 
e* al. (9) with the exception that smaller amounts of plasma are used, and that a separate 
Ttference solution of the dye in the unsUincd plasma of the subject is made as standard for 
each determination instead of using a single reference solution of the dye in a pooled clear 
plasma. 
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varied between 0.002 and 0,018, with the majority below 0.010. The optical 
densities of the original plasmas calculated to the same dilution varied from 
approximately 0.03 to 0.70. There was no correlation between the blank op- 
tical density and the degree of lipcmia in the acetone method. 

Li an attempt to determine the effect of lipcmia on the measurement of the 
optical density due to the dye in the standard method the following e.xperiraent 
was set up: — 

Ten ml. of lipemic plasma from a neplirotic boy was centrifuged for 1 hour at 11,000 r.p.m. 
The separation into clear and turbid fractions was incomplete and only the upper, more 

T.\BLE I 


Ejfccl of Lipcmia on the Dela-minclion of T~1824 in Plasma 6y the Standard and 

Acetone Procedures 


Plasma 
, No. j 

! 

Non- 
lipcmic 
plasma 1 

Lipemic 

pusma 

0.005 
per cent 
dye 

solution 
in 035 
per cent 
NaCl 

Sodium 
chloride 
0.85 pec 
cent 

Standard procedure 

Acetone procedure 

Optical 
density 
v/lth 
IIiO 
set at 
2 cro 

Optical 
density 
due to 
dye 

Optical 
density 
rrith 
plasma 
blank 
set at 
zero 

Per 
cent oi 
No. 2 
deter- 
mined 

Optical 

density 

with 

BsO 

set at 
xero 

Optical 
density 
due to 
dye 

Per 
cent of 
No. 2 
deter- 
mined 


ml. 

fnJ, 

ml. 

ml, ] 


t».d. 

oj. 1 

fer cent 

ifj. 1 

(7^. 1 

fer eetit 

1 

2.0 

iSI 

iSI 

0.4 

I 0.112 

1 

1 


0.003 



2 

2.0 


ma 

0.0 

0.745 




0.173 



3 

1.7 

la 


0.4 

O.S08 




0.005 



4 

1.7 

mm 

0.4 

0.0 

1.155 

0.417 


104.3 

0.175 


100.0 

5 

1.3 

0.7 

' 0.0 

0.4 , 

0.915 







6 

1.3 

0.7 

0.4 

0.0 I 

t.69± 

0.775 


106.2 




7 

1.0 

1.0 

0.0 

0.4 ! 

1.120 







S 

1.0 

1.0 

0.4 

0.0 i 

1.95± 



124.3 





The acetone procedure was carried oiu on aliquots of the plasmas examined by the standard 
procedure. The value obtained in No. 3 was taken as the theoretical under tliese conditions. 


lipemic fraction was used (optical (h-ujity appro.rimately 2.0 at <\ = 620 mju). Duph'cate 
mixtures were then made in whicli lying portions of this lipemic fraction were added to 
1.0 ml. of non-lipemic plasma and tlu- volume made up to 2.0 ml. with non-lipemic plasma 
from a normal individual. To each duplicate of one set was added 0.4 ml. of a dye solution 
containing 50 mg. of dj'e per liter of 0.S5 per cent NaCl solurion,“ and to each of the otlxer 
sets 0.4 ml. of 0.85 per cent NaCl solution. The optical density due to the dye was then 
estimated as closely as possible with both water and the appropriate plasmas without dye as 
blanks. (The densities of the lipemir. plasmas were too great (Table I) for very precise 
measurements.) Then a 1.2 ml. aliiiiiol of solution from each of the tubes was carried through 
the acetone procedure. From the recoils in Table I it can be seen that the most dense plasma 
with the standard method gave an ei ii>i- of 24.3 per cent while the acetone method has an 


11 As noted by Gregersen and Sicv.iii (10) T-1S24 is not stable in 0.85 per cent NaCl. 
For this reason tlie 1:100 dilutions «civ made up fresh for each series of e.xperiments that 
was carried out within the next few boios. 
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enor of + 1.2 per cent, assuming that the dye conccntiadons found in mbdures of dye witlt 
non-lipemic plasma were exacL Similar results were obtained with plasmas of naturally 
Cerent degrees of lipemia. Again the deviations from theoretical were greater in the more 
lipemic plasma, but it was not possible to make a general correction factor relating blank 
optical density and error. Similar experiments with trypan blue and methylene blue gave 
similar results. Briefly, then, in a lipcmic plasma more dye is estimated by the “standard 
method’’ than is actually present. Examples of the extinction-concentration curves in 
normal and lipemic plasmas are given in Fig. 2. The relationship between percentage of 
dye present determined by the "standard method” and the optical density of the plasma 
blank is shown in Fig. 3 for various plasmas. 



Fig. 2. Extinction-concentration cturves of T-1324 in non-lipemic and lipennc plasmas with 
the standard method without acetone. 


That the error encountered in analyses of lipemic plasma by the “standard 
method” was not attributable to the instrument was shown by the fact that 
similar results were obtained when duplicates were run with a Beckman spec- 
trophotometer. In a lipemic plasma with an optical density of 1.34 the error 
with the Beckman, using 1.0 cm. cells, was -|- 75 per cent, and with the Cole- 
man mstrument + 72 per cent. The optical density of the same concentration 
of dye in a non-lipemic plasma was used as the true value. 

A final proof that the lipemia was responsible for the error was furnished by 
the following experiment: 

The same amount of dye was added to equal volumes of non-lipemic and lipemic plasmas 
( ank plasma optical densities 0.129 and 1.375 respectively). The amount of dye measured in 
he lipemic plasma was 159 per cent of that founil in llie normal plasma. The dyc-sbiincd 
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plasmas and their blanks were tlicn centrifuged at 11,000 R.p.if. for 90 minutes (approximately 
8,800 X s). Tlic separation of the lipid particles was not complete, but the blank optical 
densities were reduced to 0.058 for the normal plasma and 0.210 for the lipemic plasma. It 
was therefore possible to apply the correction of Luetschcr (2), which holds only for minor 
degrees of lipemia. With tliese corrections on botli normal and lipemic plasmas (after cen- 
trifugation) tlic amount of -dye measured in the lipemic plasma was 100.3 per cent of that 
found in the normal plasma, well within the limit of e.Tpcrimcnfal error. 



Optical density of blank plasmas 

Fig. 3. Effect of lipemia on the percentage of dye present determined by the standard 
method. 

Effect of Hemolysis . — ^The effect of hemolysis was examined by adding 0.1 ml. 
of a hemoglobin solution, obtained by laking 3 ml. of red cells with 97 ml. of 
distilled water and filtering twice, to aliquots of four different plasmas to which 
dye in some cases and 0.85 per cent NaCl in others had been added (see Table 
II). A portion of plasma with no added hemoglobin was used as the blank. 
After the acetone treatment it was found that the variation was approximately 
db 3 per cent of the amount of dye that was measured in the same plasmas witli- 
out adding hemoglobin. The amount of hemoglobin involved was sufficient to 
cause gross coloration of the plasma to which it was added. Similar experi- 
ments with smaller amounts of added hemoglobin gave smaller errors. With 
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10 times as great a hemoglobin, concentration, the error was larger but did not 
exceed ± 3.5 per cent; in these cases, however, the amount of hemoglobin pres- 
ent in the plasmas not treated with acetone was so great that the very high 
optical densities of both blank and dye-stained plasmas entirely precluded 
using Gibson and Evans’ (11) correction for hemoglobin with the standard 
method. 

'' TABLE n 


Efea of Added Hemoglobin an the Deieminalion of T-1824 in Plasma with Acetone 


Plasma No. 

a 

Plasma 

b 

O.OOS pec 
cent dye 
sotutian in 
Oas per cent 
NaCl 

c 

Sodium 

chloride 

0.S5 per cent 

d 

Hemoglobin 
solution 
(3 ml. red 
cells lakcd 
in 97 ml. 
distilled H:0) 

e 

Optical 
density with 
HsO set 
at zero 

Optica/density 
due to dye with 
appropriate 
blank set at zero 
a' — 6' 
c* — d' 


tU, 

* ffiL 

ml. 

ml. 

,.d. 

e.d. 

a' 

1.0 

0.1 


0.0 


0.092 


1.0 

0.0 


0.0 



1.0 

0.1 


0.1 

0.096 

0.093 

d' 

1.0 

0.0 

0.1 

0.1 

0.003 


a' 

1.0 

0.1 

1 

0.1 

0.0 

0.092 

0.086 

2 

^ d 

1.0 

0.0 

! 0.2 

0.0 

0.006 


1 1.0 

0.1 

0.0 

0.1 

0.095 

0,086 

d' 

1.0 

0.0 

0.1 

0.1 

0.009 


a' 

1.0 

0.1 

0.1 

0.0 

0.118 

p.lOO 


l.O 

0.0 

0.2 

0.0 

0.018 


^ c' 

1.0 

0.1 

0.0 

0.1 

0.115 

0.102 

d' 

1.0 

0.0 

0.1 

0.1 

0.013 


a' 

1.0 

0.1 

0.1 

0.0 

0.108 

0.104 

4 

1.0 

0.0 

0.2 

0.0 

0.004 


d 

1.0 

0.1 

0.0 

0.1 

0.110 

0.104 

d> 

1.0 

0.0 

' 0.1 

0.1 

0.006 



Optical densities of plasmas before treatment with acetone were for No. 1, 0.08S, No. 2, 
0.134, No. 3, 1.50, No. 4, 1.10. The hemoglobin was added to the plasma after the dye had 
been added. 


Comparison of Results Obtained with Standard and Acetone Methods . — ^In the 
cases listed in Table III, the standard method was first carried out, then 1.2 
ml. aliquots of each sample of plasma were taken through the acetone procedure 
and a reference solution in dye-free plasma was made in each case. The results 
have been grouped according to the degree of lipemia; Nos. 1 through 14 are 
essentially dear. Nos. 15 through 21 are h'pemic to a varying degree, indicated 
by the optical densities of the plasma blanks. For the non-lipemic plasmas. 
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tlie mean of Ihc plasma voIudh; jiu;;wuretl by thu acetone method is 99.46 per 
cent of tlie mean by the standard method, with an estimated standard deviation 
of rt: 1.97 per cent. Gross deviations occurred in the lipemic plasmas. In 
many hpemic cases it was not |Kj.-.t-il>le to determine the plasma volume by the 


l.UiLE III 


Comparison of Plasma Volume Delr,',r.!->atiotts by the Standard and Acetone Procedures 


I’lasma Xo, 

r.ltifnt 

Optical demily 
ofblantptiMni 
by stacdiuil 
procedure 

I'U m» volume determiaed by 

B 

■ 

:tUndar<t 

5>ioce<iure 

a 

.^cetoae 

procedure 

b 



o.i. 

1 iteri 

liters 


lUers 

1 

.■\.C. 

0.062 

.*..29 

2.33 


EB 

2 


0.080 

/*.56 

2.52 


BB 

3 

M.B. 

0.080 

.*..59 

2.55 


! -O.Ot 

4 

M.B. 

0.080 

2.61 

2.57 

97.4 


5 

A.II. 

0.087 

>27 

2.2S 

100.4 

+0.01 

6 

A.M. 

0.091 

2.63 

2.56 

97.3 

BSB 

7 

P.R. 

0.091 i 

1.09 

1.06 

97.2 


S 

P.R. 

0.109 

1.39 

1.35 

97.2 

-0.04 


R.A. 

o.ir; 

2.47 

2.54 

102. S 

+0.07 

10 

W.K. 

0.14S , 

.'..57 

3.61 

101.1 

+0.04 

11 

A.iir. 

0.149 : 

2. S3 

2.46 

97,2 

-0.07 

12 

A.iNf. 

0.1S9 i 

2.44 

2.45 

100.4 

+0.01 

13 

A.jSI. 

0.159 

2,39 

2.45 

102.4 

+0.06 

14 

, R.A 

0.291 i 

2.62 

2.63 

100.4 

BSB 

15 

BI.B. 

0.229 

2.25 

2.10 

93.4 


16 

P.R. 

0.282 

1.15 

1.09 

94.4 

-0.06 

17 

A.F. 

0.290 

1.27 

1.20 

94.5 

-0.07 

IS 

M.M. 

0.382 , 

.t.25 

3.01 

92.7 

-0.24 

19 

C.C. 

0.38V 

1.19 

1.25 

104.4 

+0.06 

20 

M.jNX. 

0.436 

.'/.30 

2.94 

88.8 

-0.36 

21 

P.R. 

0.638 j 

1.30 

1.12 

86.2 

-0.18 


Nos. 2, 3, 4, 12, and 13 were calculuLecl from serial samples obtained for a falling curve 
plot; Nos, 12, 13, and 14 were not lipemic but contained residual dye from previous de- 
terminations. 


standard metliod because of the e.ttremely high plasma blanks. With the ex- 
ception of tlrese omissions, the Uiblc gives the results of consecutive determina- 
tions. 

Effect of Protein Comentralioie in Plastm on Amount of Dye Extracted by 
Acetone. — ^Plasmas from normal individuals were found to 3deld somewhat 
smaller recoveries of added dye th,Tn did plasmas from patients with hypopro- 
teinemia. Since T-1824 is knotvn to be bound to albumin in plasma (12) it was 
considered desirable to deternhne the effect of albumin concentration on the 
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recovery of the dye. For this purpose a plasma containing 2.20 gnr. of albumin 
per 100 cc. (total protein 4.10 gm. per 100 cc.) was chosen, and to aliquots were 
added increasing amounts of human plasma albumin. T-1824 was found to be 
adsorbed by the albumin when the proteins were precipitated by acetone. It 
was found, as shown in Table IV, that less dye was recovered in the acetone 
extract as the concentration of albumin in (he plasma was increased; the re- 
covery was 95 per cent from plasma that bad 2.0 gm. of albumin per 100 cc. 
and 85 per cent from plasma that had 4.0 gm. (Table IV). The T-1824 ad- 
sorbed by the precipitated protein could not he readily recovered by repeated 
extraction of the precipitate with acetone. 


TABLE tv 

Eful of Added Albumin cni Extradion of T-J824 by Acetone 


Solution No. 

Concentration of albumin 

Optical density due to dye 


fl/l. Ptf JOO 4 6. 

o.d. 

1 

2.20 

0.196 

2 

2.8}! 

0.190 

3 

3. SO 

0.185 

4 

4.34 

0.174 

s 

5.17 

0.163 

6 

6.00 

0.156 


No, 1 is the plasma of a nephrotic patient with .in optical density of about 1.6 with the 
standard procedure. Nos. 2 through 6 are satnph ol this plasma to which human albumin 
was added in sufficient amounts to bring the albunmi concentration to the level indicated. 
The same amount of dye was present in all the plusiu.i'.. 

Addition of 7 globulin (immune serum globulin) to normal and hypopro- 
tememic plasmas had a similar effect on (he percentage of dye extracted by 
acetone. 

Error from adsorption of dye by the pioteins is avoided in the acetone 
method by preparing the reference solution in each case from a mixture of the 
dye and the subject’s previously drawn plasm.i, so that adsorption is the same 
m the reference mixture as in the analjrsis of (lie plasma drawn after dye in- 
fusion. 


Noii-AppUcabilily of the Acetone .\f elhod to Whole Blood 

When the acetone method was applied to whole blood a clear filtrate was 
obtained, in which the dye concentration was jnoportional to that in the whole 
blood, m the case of a given blood. How'cwr, .about half of the dye was ad- 
sorbed by the hemoglobin precipitate. The adsorbed fraction varied with the 
cell content of the blood, and the dye con<cuiiations of the filtrates were too 
low (about one-quarter as much as in plasni.i lillrates) for optimal accuracy of 
measurement in a Coleman photometer. 
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DISCUSSION 

The principle of using a solvent which will precipitate proteins, dissolve 
lipids, and extract dye, is not new in its application to the determination of 
dyes in lipemic plasmas. Among others, Dragstedt and Mills (13) have used 
acetone in a ratio of 2:1 to plasma for the determination of bromsulfalein. 
Taran (14) has used acetone in a 1:1 ratio to plasma for the Congo red test for 
amyloidosis, and Enist and Forster (15) have employed a similar metliod for 
bilirubin. More recently with brilliant vital red Robinow and Flamilton (16) 
in blood volume studies in infants found 95 per cent ethyl alcohol satisfactory, 
though approximately one-third of the dye was adsorbed by the protein precipi- 
tate formed; with T-1824 these authors found that 75 per cent of the dye was 
precipitated. Acetone was dismissed because it evaporated too rapidly. 

Before acetone was adopted in the present procedure many other substances 
were tried in an attempt to achieve the results obtained with acetone. Diox- 
ane, methyl cellosolve, collidine, ;t-butanol, »-propanol, isopropanol, ethanol,' 
methanol, and anionic and cationic detergents, were all tried unsuccessfully. 
A series of preliminary experiments with methanol in the same proportions as 
the acetone seemed at first to be quite promising. They were abandoned be- 
cause the hemoglobin in plasma from partly hemolyzed blood adsorbed rela- 
tively large amounts of dye when the proteins were precipitated with methanol, 
and caused large errors in the measurement of the dye. In addition it was 
found necessary to cool the plasmas to which the methanol had been added for 
1 hour at 4°C. to complete the flocculation of denatured protems. Acetone 
alone was found to be relatively insensitive to the presence of hemolysis and to 
be adequate for tlie solution of the lipids and extraction of the T-1824. - 

The protein concentration in the plasma examined is apparently the de- 
termining factor in the percentage of the dye extracted from plasma by acetone. 
This necessitates establishing a standard calibration curve for each individual, 
and for each concentration of protein when the protein concentration of the 
subject’s plasma is changed as the result of infusions or othenvise. However, 
neglect of this precaution would cause relatively small errors only when the 
protein changes are small. 

If one assumes, as have Le Veen and Fishman (17), that the dye protein 
combination is a reversible one, then the simplest formulation is 

( 1 ) P + D:^PD 
with 

(2) 5 = p] -H [PD] 

where P is protein, D is free dye, PD is dye-protein combination, and is 
total amount of dye in system. Then 

[I’llOl 
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whence, combining (2) and (3) we obtain 


(4) 


[D1 


KS 

K + (Pi* 


Here, the concentration of free dye, [2?], will depend not only on the total 
amount of dye present S, but also on [P]. However, if [P] is held constant, 
and it is under these circumstances that the acetone method has been used, 
then (4) reduces to [P] = K'S and the amount of free dye is determined, with 
[P] constant, solely by the total amount of dye S. This is adequately demon- 
strated in Fig. 1. If one were to attempt a semilog plot for a falling curve of 
dye in plasma in the face of rapidly shifting protein concentrations it would be 
necessary to determine K in equation (4) for each concentration of protein. 

The results reported here do not necessarily contradict those of Gregersen 
(18), who compared the amounts of dye estimated in non-lipemic plasmas with 
the amounts of dye estimated in lipemic plasmas from the same incHviduals , 
after they had taken a fatty meal. He foimd no difference in the amounts of 
dye estimated. However, in our experience, the lipemia found after meals in 
normal individuals has never equalled the extremes of lipemia found in nephro- 
tic individuals. Further, at blank optical densities .up to 1.0, the errors in the 
amount of dye estimated by the standard method are not necessarily very great. 

The effect of the lipemia on the determination of the extinction due to dye 
can best be discussed by referring to the optical properties of sols or suspensions 
in general. It is generally accepted that Beer’s law holds for dilute suspensions. 
However, m concentrated suspensions deviations from Beer’s law are found; 
the optical density increases less rapidly than the concentration of the suspen- 
sion. (See for example the work of Lange (19), Wells (20), Dreosti (21), and 
of Bloch and Renwick (22).) Wells suggested that some of the light scattered 
ni dense suspensions finds its way back into the original beam after multiple 
reflections in every which way among the particles. This secondary scattering 
has been well recognized, but it has not been so well recognized that the effect 
of the suspensions in a dye solution is to permit passage of light through dye 
molecules which would not be in the normal path of light. Lipemia, then, acts 
^ if it increased the length of the path of light through the cuvette. This re- 
sults in an erroneously high value for the optical density due to the dye. (Gib- 
son, quoted by Thom, was apparently the first to draw attention to the error in 
lipemic plasmas (1).) This error will depend, naturally, on the degree of lip- 
enua, and the greater the lipemia the greater will be the apparent optical den- 
sity due to the dye, as shown by the extinction-concentration curves of Fig. 2 
and the points in Fig. 3. Fig. 3, in addition, shows that the error in the determ- 
ination of the dye is not necessarily the same in plasmas of the same optical 
density. That the error is entirely due to the lipemia is demonstrated by the 
experiment in which the error disappeared after centrifuging out the lipid par- 
ticles. 
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Three salient facts must therefore be emphasized, (a) At low particle con- 
centrations, the degree of lipemia is directly proportional to the optical density, 
and corrections for changes in optical density due to lipemia may be made as 
described by Luetscher (2). In addition, the e.xtinction-concentration curves 
for dye in plasma will be identical in different plasmas and the specific ex- 
tinction of the dye in a pooled plasma may be used to determine the concen- 
tration of the dye in other plasmas suitable corrected for the plasma blank, 
provided the lipemia is of a minor degree, (b) At high particle concentrations, 
deviations from Beer’s law occur, more of the dye is estimated than is actually 
present, the e.xtinction-coefficient is not the same in all plasmas even of the 
same blank optical density, and Luetscher’s correction for changes in degree of 
lipemia cannot be applied, (c) If the standard method is used and the extinc- 
tion of the d3'e is determined in the lipemic plasma, the results are likely to be 
inaccurate because the plasma used for the reference standard and the plasma 
of unknown dye content may vary in degree of lipemia even when the two plas- 
mas are drawn within a few minutes from the same subject. 

A word may be said here about the particles responsible for the lipemia. 
It has been found (e.g. Fig. 2) that for a given lipemic plasma Beer s law is 
roughly obeyed for the dye, but the deviation from a straight line may be as 
high as d= 5 per cent. This suggests that the h’pid suspensions in plasmas are 
not entirely stable, and that tlie instability maj’^ be one of the reasons for the 
erratic results obtained witli tlie standard method. If the plasmas are allowed 
to stand, particularly in the cold, some of the lipid particles will coalesce, thus 
- introducing unpredictable and uncorrectable errors. In addition, in some plas- 
mas, centrifugation at 3,000 R.p.ii. for 15 minutes has been sufficient for the 
formation of a “butter” layer at tlie top. 

While the method has been described for small amounts of plasma, there is 
no apparent reason why, when larger amounts of plasma are available, all 
additions cannot be increased proportionately. This would permit the use of 
larger cuvettes which, giving higher optical densities, might decrease the e.xper- 
imental error. 

SUiODVRY 

A method is presented for estimating tlie concentration of T-1S24 in lipemic 
plasma. The plasma is mixed with acetone, which precipitates the proteins, 
dissolves or precipitates the lipids, and yields a clear solution for photometric 
measurement of the dye. The method is not sensitive to changes in the degree 
of lipemia and is relatively insensitive to hemolysis. 
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THE EFFECT OF NITROGEN MUSTARDS ON ENZYMES AND 
TISSUE METABOLISM* 

I. The Effect on Enzymes 
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{From the Chemical Division, Department of Medicine, The University of Chicago, 

Chicago) 

(Received for publication, February 26, 1948) 

The halogenated alkylamines, so called nitrogen mustards, investigated 
durmg the last war as a potential warfare agent, have become useful tools in 
biology and medicine. Possessing some of the properties of bis(d-chloroethyl) 
sulfide, and x-rays (such as injurious effects to the bone marrow and lymph 
glands which lead to leucopenia (1), inhibition of mitosis (2, 3), and production 
of mutants (3-5), they are being used with success in the treatment of blood 
discrasias (6-8). Some of the studies on the chemical properties of the nitrogen 
mustards have been published (9-14). We present in this paper experiments 
performed in this laboratory during the years 1942-43, and quite recently on 
the effect of nitrogen mustards on the activity of enzymes. These studies were 
undertaken to determine their mechanism of action. Nitrogen mustards were 
found to be powerful enzyme inhibitors belonging to the class of structural 
•nhibitors, although different from most of the compoimds of this group in the 
lack of easy reversibility and competition. 

Nitrogen Mustards and Enzymes 

A number of investigators (9-15) have shown that tertiary halogenated 
alkylamines when in aqueous neutral solutions imdergo a series of rapid trans- 
formations, the first of which is the formation of the ethylenimonium ring. In 
dilute solutions, according to Cohen (15), this first change is a rapid process 
while the rearrangement which ends with the formation of the dimer or the 
ethanolamine proceeds at a rate 100 times as slow as the rate of the first process. 
It is therefore reasonable to assume that in the first hour after the compounds 
have been brought into aqueous solutions, at pH values aroimd neutrality, 

* The work described in this paper was performed in part under a contract recommended 
by the Committee on Medical Research between the Ofihce of Scientific Research and Develop- 
ment and The University of Chicago, and in part by a grant from the American Cancer 
Society, on the recommendation of the Committee on Growth. 
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there are present at different concentrations three different ethylenimonium 
compounds: 

CH, CH, CH, 

+/ \ +/ \ +/ \ 

ClCHjCHiN CHi ; HOCH,CH,N CH, ; HOCH,CH,N CHi 

\ \ \ 

CHiCH.Cl CH.CH.Cl CHiCHiOH 

in the case of tris(/3-chloroethyl)aniine; two compounds: 

CH, CH, 

+/^ \ +/ \ 

CH,— N CH, ; CH.N CH, 

\ \ 

CHtCHiC! CH,CH,OH 

in the case of methyl-bis(|i9-chIoroethyI)amine. The resemblance of these trans- 
formation products to choline and acetylcholine is strildng: 

CH, CH, 

CH,N— CH,CH,OH; CH,COOCH,CH,N— CH, 

\ \ 

CH, CH, 

Choline Acetylcholine 


This similarity between the ethylenimonium derivatives of nitrogen mustards 
and choline and acetylcholine suggested the possibility that they may act as 
structural inhibitors of enzymes by combination with the protein moiety at 
the side chains where combination of choline and acetylcholine takes place. 
The validity of this assumption is demonstrated in the experiments with choline 
oxidase, acetylcholine esterase, and choline acetylase. 

1. Choline Oxidase . — ^In agreement with the postulated assumption, choline 
oxidase was, of all the enzymes studied, the most sensitive to the action of 
nitrogen mustards. In these e.xperiments choline o.xidase was prepared from 
rat liver by a modification of tlie method of Bernheim (16); tlie enzyme sus- 
pension consumed no oxygen in the absence of choline. When methyl-bis- 
(j8-chloroethyl),amine HCl (MBA) and tris03-chloroethyl)amine HCl (TBA) 
were dissolved in phosphate buffer, 0.02 m pH 7.4, the degree of inhibition 
remained constant up to 2 hours after solution of the compound with TBA, 
while it decreased rapidly with MBA. When the compounds were dissolved 
in water, inhibition increased on standing (Table I). Isopropyl-bis(/S-chloro- 
ethyl)amine HCl was also found to be a powerful inhibitor of choline oxidase 
(Table H). Since formation of the ethylenimonium derivative occurs more 
rapidly in phosphate buffer than in water (17), these experiments indicate that 
inhibition was due to the quaternary N derivative. Since inhibition disap- 
peared when MBA was left standing in phosphate buffer for 2 hours, and TBA 
for 24 hours, it must be concluded that the end products of the series of reactions 
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TABLE I 

Inhihilton of ClioUnt Oxidase by Nitrogen Mustards. The Effect of Standing in Aqueous and 

Phosphate Solutions 

Methyl-bis(^-chloroethyl)aiiune HCl (MBA) and tri 3 (/S-chJoroethy])ainiiie HCI (TBA) 
were dissolved and added to the enayine suspension after remaining in solution for the time 
indicated in Table 1. 


Time of standing 

MBA 

Inhibition 

TBA 

labibition 

miff. 

u 

ptt cent 

il 

per cent 

In phosphate buffer 

0 

1 X KT' 

95 

1 X 10-' 

74 

15 

U 

72 

it 

; 79 

30 

id 

38 

it 

84 

60 

tt 

13 

tt 

74 

120 

I II 

0 

“ 

! 75 

1440 

In water 

1 i( 

it 1 

0 

I “ 

' 0 

0 


42 

it 

34 

30 



2.5 X 10-« 

40 

60 

5 X 10-» 

32 


- 

90 



a 

57 

120 

a 

42 

1 X 10-' 

74 

210 



2.5 X 10-' 

62 

480 

it 

76 




TABLE n 

JithUniion of Choline Oxidase by Isopropyl-Bis(fi-Chloroelhyl)omine HCl (IBA) 
Concentration of choline, 0.02 m, pH, 7.4, Temperature 38°. 


IBA 

InbibStion 

u 

per eenf 

7 X 10-» 

Complete 

3 X 10-' 

97 

1 X io-« 

44 

5 X 10-’ 

22 


which nitrogen mustards undergo in water solutions, namely the diliydroxy 
tyclic dimer (I) or tri-ethanolamine (II), have no inhibitory power. 


CHjCHj 


+/ '\+ 

CH,N NCH,; 

/ \ /I 


CHs 

CHsCH, CHi 

1 

1 

CHi 

CHj 

1 

1 

OH 

OH 


CHiCHjOH 

/ 

N— CHiCHjOH 

\ 

CHjCHjOH 


I 


11 
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FurtJier evidence tliat the inhibition is produced by the ethylenimonium 
transformation products is given by experiments in which the inhibitory power 
of nitrogen mustards was measured at different pH values. If the inhibition 
is produced by these quaternary N derivatives, it must increase as the pH 
values increase because the rates of transformation are so affected (15). In 
fact, 2 X 10"^ ii TEA, which produced 68 percent inhibition at pH 6.4, inhib- 
ited completely at pH 7.4; 1 X 10~^ ii produced 15 per cent inhibition at pH 
7.4, while it increased to 36 per cent at pH 8.4. Similar results were obtained 
witli MBA (Table IH). 

It seems that inliibitors belonging to this group must be able to form the 
ethylenimonium derivative. /3-chIoroethylethyIbenzylammonium chloride, 
;8-chloroethylethylcyclohexylammonium chloride, and ff-chloroethylethyl hexa- 
• hydrobenzylammonium chloride^ which form ethylenimonium derivatives 

T.VBLE III 

Ejjfecl of pH on the Inhibition of Choline Oxidase by Alkylamines 


Phosphate buffer. Temperature 38°. 


pH 

Methyi-bisf^-choroetliyDainuic 

TrisOS-chloroethyliunine 

CoDcentratioa 

Inhibition 

Concen nation 

Inhibition 



per cent 

u 

per cent 

6.4 

2 X io-‘ ; 

68 

2 X J0-» 

None 

7.4 

1 X 10-’’ 

15 

2.5 X 10-‘ 

42 


2 X 10-« 

Complete 

1 X 10-* 

27 

8.4 

1 X 10-’^ 

36 


81 


on solution in water were as powerful inliibitors as MBA. The quaternary N 
compound dunethyl-bis(/3-chloroetliyI)amine HCl which does not form ethylen- 
imonium on solution had no inliibitoiy effect. Trimethylbenzylammonium 
chloride, dimethylethanolamine, and methylethanolamine had no effect at all 
(Table IV). 

One important difference between nitrogen mustard inhibition and other 
substrate inhibitors (such as the classical malonate inhibition of succino.xidase 
discovered by Quastel and Wooldrige (18)) is that the former is not, like the 
latter, easily reversed, and as a consequence does not depend on tlie ratio of 
substrate to inliibitor. Once inliibition was produced witli the nitrogen mus- 
tards it was difficult to reverse, and washing the enzyme with water brought no 
restoration of activity. This strong association of the enzyme with the nitrogen 
mustard in contrast with the reversible association with choline can be shown 
by measuring the half-saturation of the complex enzyme-choline and half- 

1 These compounds were kindly provided by Dr. Mark Nickerson, Department of Pharma- 
cology, University of Utah, School of Medicine. 
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inMbition of enzyme activity. Half-saturation (Fig. 1) was reached with 
2.5 X 10"’ M choline while half-inhibition was reached with 1 X 10^ m TBA, 
4 X 10^ u MBA, and 1.2 X 10^ n isopropyl-bis03-chloroethyl)amine HCl. 

TABLE IV 


Effict of Some Elhylenimonium-F arming Compounds on the Activity of Choline Oxidase 
Phosphate buffer, pH, 7.4. Choline, 0.01 u. Duration of experiments, 1 hour. Tem- 
perature 38°. 


Inhibitor 

Concentration 

0> upUke 

Inhibition 

None 


cjnm, 

205 

per cent 

MBA 

5 X 10-‘ 

41 

80 

^Chloroethyletbylbenzylammonium chloride. . . . 

it 

46 

78 

^Chloroethylethyl hexahydrobenzylammonium 
chloride 

it 

10 

95 

^Chloroethylethylcyclohexylammoiiium chloride 


9 

95 



Effect of choline concentration on the oxidation of choline by choline oxidase pH 
0-7. Abscissa, choline concentration X lO”* it. Ordinate Oi uptake in 10 minutes. Tem- 
perature 38°. 

Since the LDso values of nitrogen mustards lie around 2 to 5 X 10~® ir, it can 
be seen that complete inhibition of choline oxidase occurred with amounts ten 
times lower. 

Indication that the nitrogen mustards combine with the protein moiety of 
the enzyme (activating protein or dehydrogenase) at the place where combina- 
tion with choline takes place, was given by experiments where choline was 










494 


EFPECX OE NITROGEN MUSTARDS ON ENZYMES 


added previous to or simultaneously with the nitrogen mustards, and by experi- 
ments where large amounts of choline were added after addition of nitrogen 
mustard to the enzyme. When choline was added to the enzyme previous to 
addition of MBA, or when choline and MBA were added simultaneously, there 
was no inhibition. When 2 X 10~* m choline was added to the enzyme after 
addition of MBA, the inhibition decreased from 80 per cent to 41 per cent; on 
increasmg the concentration of choline to 1 X 10~^ M the inhibition was further 
lowered to 35 per cent (Table V). 


T/VBLE V 

Compdilion between Choline and MBA {10~* .v) for the Aeiivating Protein of Cluline Oxidase 


Choline concentration, 1 X lO"’ ii. pH, 6.7. Temperature 38“. 


Expeilmcnt 

Oi uptime 

Inhibition 

Control 

Inhibitor 


MBA added to enzyme IS min. before choline 

c,mm. 

c.mn. 

per cent 

addition 

MBA + enzyme mixed. Choline, 2 X 10”’ ii 

320 

64 

SO 

added later 

344 

202 

41 

Choline, 10“* M 

309 

210 

35 

MBA -f choline added simultaneously 

315 

310 

None 

Choline 4- enzyme mixed, MBA added later. . . 

315 

300 

4 


Thiosulfate reacts very rapidly with the ethylenimonium derivative of 
nitrogen mustards; e.g., MBA: 

CHs CHjCHiSSOjNa 

+/I / 

CHjN— CHj + NasSjOi CH,N 
1 \ 

CHsCHjCl CHaCHjCl 

Addition of thiosulfate (1 X 10“® m) to choline oxidase previous to addition 
of MBA (1 X 10“® m) prevented inhibition. When thiosulfate was added 5 
minutes after contact of the enzyme with the nitrogen mustard, the inhibition 
was one-third of the original (Table VI). A number of substances known to 
combine rapidly with nitrogen mustards were tried to prevent enzyme inhibi- 
tion. The inhibitor and the test substemce were added to Ringer-phosphate, 
pH 7.4, and were allowed to react for 15 minutes, at the end of which tliey w'ere 
added to the enzyme suspension. Of all the compounds tested, only thio- 
sulfate had a significant preventive effect. A concentration of thiosulfate 
1000 times greater than the concentration of nitrogen mustard brought about 
complete prevention of inhibition; when the ratio was 100:1 the prevention 
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dropped to SO per cent; with a ratio of 10:1 there was no prevention at all. 
Reversal of inhibition with the preventive agents did not occur (Table VII). 
Tryptophane, tyrosine, inositol, cysteine, and histidine had no preventive effect. 

2. Acetylcholine Esterase . — ^The inhibitory effect of methyl-bis(d-chIoroethyl)- 
amine HCl on acetylcholine esterase was first observed by Thompson (19), who 
also described prevention of inhibition if acetylcholine had been added pre- 


TABLE VI 

Effect oj Thiosulfate on the Inhibition of Choline Oxidase by Trisifi-ChloToetkyl)amine 

HCl (T3A) 


System 

Oi uptake 

XnhibiUoa 

rholine 

CMm. 

234 

per cent 

“ 4-10-‘mTBA 

58 

75 

" +10'*MNa,StO, 

211 

1 ' 

“ 4- 10"^ it NaiSiOa + 10~® it TB A added 15 min. later .. . 

188 

11 

" + 10-< it Na,S,0, + 10-= it TBA 

80 

58 

“ + 10-’ it TBA + 10“= it NaiSiO, added 5 min. later 

153 

27 


TABLE Vn 

Inhibition of Choline Oxidase by Methyl-Bis(fi-Chloroethyl)amine HCl (MBA) (1 X 10~’ sf) 

and Its Prevention by Antidotes 


Aatidote 

Concentration 

Heactivatlon 


if 

per cent 


io-» 

90 


10 -* 

52 

Na,SjO’ 

1(7"= 

0 

BAL 

10 "* 

30 

Urotronin 


2t 


10 -‘ 

0 

Glutathione 

10 “’ 

17 

Thiourea 

« ! 

17 

(f 

10 -« 

0 



viously. Thompson’s experiments were confirmed, as can be seen in Table 
VIH. If nitrogen mustards act as structural inhibitors, they must have no 
effect or very little on the hydrolysis of other esters. In fact, the hydrolysis 
of acetylcholine by brain choline esterase was inhibited 70 per cent by 1 X 10~* 
M MBA, while the hydrolysis of monobutyrin was not affected at all. With 
purified serum esterase, hydrolysis of acetylcholine was 40 per cent inhibited 
while hydrolysis of monobutyrin was inhibited 13 per cent (Table IX). 

Thiosulfate prevented the inhibition. When it was added 5 minutes after 
addition of TBA, there was partial reversal (Table X). 
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3. Choline Acclylase . — Another reaction in which choline is one of the reac- 
tants is the synthesis of acetylcholine. Feldberg (20) reported that this reaction 
was inhibited by methyl-bis(/3-chIoroethyl)amine. This has been confirmed 

T/VBLE Vlir 

Effect of Nitrogen Mustards »n the Hydrolysis of Aeelylcholine by Serum and Brain Esterases 


In Ringer-bicarbonate (Nj:COi as gas phase) pH, 7.4. Temperature 25 “. 


Systen 

TBA 

Inhibition 

.MBA 

Xahibiu'on 


M 

fer c(nS 

if 

imssH 

Rat brain 




■■■ 

Inhibitor freshl}' prepared 

1 X 10-* 

81 

1 X io-‘ 


2 hrs. after 

44 

32.5 

14 


6 " " 

U 

22 

14 

65 

Horse serum 

1 

i 

1 


Purified enzyme Inhibitor, fresh. 

5 X 10'< 

73.4 

1 X io-» 


2 hrs. after 

41 

20.7 

i 


Htifsian serum 



1 


Inhibitor, fresh 

1 X 10-* 

63.9 

5 X 10-* 


2 hrs. after 

II 

13.2 

II 



1 X 10~» 

Complete 

1 X 10-» 

88 


1 X 10~‘ 

54 

1 X 10-« 

26 

Chickess scrum 

1 X 10-* 

58.4 

II 

27 


5 X KT* 

Complete 

5 X 10-< 

50.8 

CUicken brain 

1 X io-< 

57.5 

1 X 10-* 

32 

Inhibitor in HjO, fresh 

5 X 10-* 

80 

5 X 10-* 

93 

“ “ “ at 6 hrs. later. 

44 

56 

44 

92 


TABLE IX 

Effect of Meihyl-Bis{d-Chloroelhyl)amitte BCl (MBA) (0.001 m) on Use Activity of Esterases 


Buffer, Ringer-NaHCOj plus 3 cc. of 0.1 sc CaClj added to 100 cc. Saturated with 
N 3 :COs. pH, 7.5. Substrate, 0.01 sc. Duration of experiment, 20 minutes. Tempera- 
ture, 38“. 


Experimental conditions 

Serum esterase 

Brain esterase 

COj output 

Inhibition 

COi output 

Inhibition 


c,mm. 

fir lint 

c.miN. 

fir cent 

Acetylcholine 

146 


344.5 


« d-MBA 

87.4 

40 

102.9 

70 

Monobutyrin 

124.8 

1 

131.5 


“ -pMBA 

108 

13 

130.8 

None 


in experiments in which acetylcholine synthesis was measured in acetone-dry 
brain extracts, anaerobically, and in the presence of citrate, adenosinetriphos- 
phate, choline, and boiled yeast extract. Synthesis of acetylcholine was inhi- 
bited 70 per cent by 1 X lO-^ u of MBA. 
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4. Effect of Nitrogen Mustards on Other Ensymej.— Nitrogen mustards in 
aqueous, weakly alkaline solutions are very reactive. They react rapidly with 
— SH groups like cysteine, glutathione, and the SH groups of denatured al- 

TABLE X 

£/«< oj Thiosulfate on the Inhibition of Choline Esterase by Tris{^-Chloroethyl)amine HCt 
Concentration, 2.5 X 10“* u; thiosulfate, 2.5 X 10^ u. Temperature 38°. Time of 


ezperiment, 60 minutes. 


System 

COi output 

Inhibition 


c.mm. 

146.1 

139.3 

18.7 

126.5 

71.1 

132.7 

per cent 

5 

87 

9.6 

51 

9 

» 4- AP 


» 4-AP*TT^A « “ “ 

« O-APJ-'T'TIA ^ min 

» 4. AP O-TOTo-SJ-n. TRA S “ “ 



* AC, acetylcholine. 


TABLE XI 

Effect of Methyt-Bis(P-ChU>roethyl)amine HCl on P Exchange Enzymes 


Enxyme 

MBA 

Inhibition 

Investigator 

Phosphocreatine phosphokinase 

u 

5 X 10-» 

per cent 

75 

Cori el at. 

Reduced state. .. 

4X 10-’ 

84 


Oxidized “ 

« 

33 

tt tt tt 

Phosphopyruvate phosphokinase 

(C 

42 

ft te fc 

Adenosinetriphosphatase (myosine) . . . 

1 X 10-’ 

None 

Barron et al. 

Adenosinetriphosphatase 

4X 10-’ 

26 

Cori et al. 

Myokinase 

<( 

None 

(C <C (( 

Inorganic pyrophosphatase 

1 X 10-’ 

67 

<( l( (( 

Reduced state. . .. 

4X 10"’ 

80 

« ft ft 

Oxidized “ . . . 

<( 1 

87 

tt tt tt 

Hexokinase 

2.5 X 10-’ 

65 

Dixon 

11 

4 X 10-’ 

37 

Cori et al. 

Beuterohexokinase . . 

1 X 10-^ 

55 

tt ft tt 

Acid phosphatase . . . . 

1 X io-» 

40 

Barron et al. 

Alkaline “ 

(1 

8 

tt tt tt 


bunun, removing half of the — ^SH groups in 5 minutes (21, 22). They react 
(pH 8) with a large number of organic compounds of biological importance 
(NH, groups and carboxyl groups of amino acids, peptides, and proteins, 
nicotinic acid, methionine, thiamine, adenylic acid, adenosinetriphosphate, 
pyridoxine, P organic compounds) (13, 14)), some of them essential for en- 
zyme activity. 
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This high reactivity of tlie halogenatcd alkyiamines woiUd make them pow- 
erful inhibitors of a large number of enzymes. However, e.iqjeriments per- 
formed by a number of investigators (Peters d al. and Dixon d al. in England, 
Cori and tliis laboratory in the United States) do not support this contention. 
In fact, if in vUro e.vperiments with concentrations above 10 times the lethal 


T^VBLE Xn 

EJfccl of Jiilrogat Mustards (0.00 1 u) on the Activity of Some Enzyme Systems. (Other than 

P Exchange Enzymes) 


Enzyme 

Substrate 

Determination 

Inhibition 

. Investigators 

TBA 

MBA 




per ceni 

per ceni 


Choline oxidase 

Choline 

Oi uptake 

Complete 

Complete 

Barron et at. 

Choline esterase 

Acetylchoh'ne 

Acid formation, CDs 

44 

41 

Thompson, 






Barron ei al. 

tt tt I 

44 

44 41 44 

44 

44 

Barron et at. 

Betaine aldehyde oxi- 

Betaine aldehyde 

0> uptake 

** 

44 

tt II II 

dase 






Pyruvate oxidase 

Pyruvate 

« •< and 


41 

41 41 41 



pyruvate utiliza- 





1 

tion 




Adenosine deaminase 

Adenosine 

NHi formation 

None 

None 

44 44 44 

Unease 

Uric acid 

Oi uptake 


27 

41 41 11 

Phosphoglyccraldehydc 

Phosphoglycerolde- 

DPN reduction 

None 

None 

41 41 41 

dehydrogenase 

hydo 





Polyphenol oxidase 

Catechol 

Oj uptake 

44 

44 

41 14 41 

Carbonic anhydrase 

NaHCOi 

CO] output 

44 

44 

41 41 44 

Enolase 



II 

II 

Cori et at. 

Isomerase 



II 

II 

II 41 44 

Phospboglucomutase 



14 

14 

44 44 44 

Lactic dehydrogenase 

Lactate 

DPN reduction 

41 

44 

Barron ei at. 

Succinic oxidase 

Succinate 

Oi uptake 

44 

1 44 

tt 44 44 

Cytochrome “ 

Cytochrome C 

Reduced cytochrome 

14 

44 

44 41 44 



1 C oxidation 

1 



Diamine “ 

Histamine 

0] uptake 

41 

41 

41 It (4 

Transaminase 

Glutamate + pyru- 

Alanine 

41 

14 

41 44 44 


vote 





Carboxylase 

Pyruvate 

CO] output 

44 

41 

44 44 41 

Arginase 

Arginine 

NHi formation 

14 

44 

It 41 44 

Pepsin 

Hemoglobin 

Tyrosine 

6 

6 

li 41 44 

Trypsin 

« 

44 

11 

11 

II <4 44 

Papain 




None 

Dixon 

J-Aznino add oxidase 

Alanine 

Pyruvate 1 

26 

44 

Barron et at. 


dose (about 1 X 10^ m) are discarded, the only en 2 yme systems inhibited were 
choline oxidase, acetylcholine esterase, and pyruvate oxidase. 

Cori and his coworkers (24) have studied in detail the effect of methyl-bis- 
(/3-chloroethyl) amine HCl upon the enzymes dealing with phosphorus e.xchange. 
They found that phosphocreatine phosphokinase, phosphopyruvate phospho- 
kinase, and inorganic pyrophosphatase were considerably inhibited with 
4 X 10“^ IT. We found that acid phosphatase was inhibited 40 per cent, while 
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adenosinetriphosphatase and alkaline phosphatase were not affected with 
1 X 10-^ M (Table XI). It could be concluded from these data that none of 
these enzymes is inhibited at concentrations around the lethal dose. However, 
Cori found that in certain tissues of animals injected with methyl-bis-(^-chloro- 
ethyljamine HCl, or the ethylenimine transformation product there was partial 
inhibition of inorganic pyrophosphatase, phosphocreatine phosphokinase, and 
hexokinase. It may therefore be concluded that these three P exchange en- 
zymes are inhibited by nitrogen mustards at concentrations around the lethal 
dose. 

In Table XII are given data on the effect of TEA and MBA on other enzyme 
systems. It is surprising to find such highly reacting substances so ineffective 
on the activity of a large number of enzymes. For example, in spite of the 
high reactivity of the halogenated alklyamines with — ^SH groups with which 
they give compounds of the type succinoxidase, adenosinetriphosphatase, 

CHjCHjS— R' 

/ 

RN 

\ 

CHaCHi— S— R' 

papain, d-aiamo acid oxidase, phosphoglyceraldehydedehydrogenase, carboxyl- 
ase, transaminase— aU. requiring the presence of — SH groups for activity — 
were not affected at all by 0.001 ir. 

The findings that the NHj groups of thiamine, nicotinic acid amide, and 
pyridoxine combine with nitrogen mustards have not been confirmed in en^me 
experiments where nitrogen mustard and enzyme were kept at pH 7. The 
activity of yeast carboxylase which requires diphosphothiamine, of lactate 
dehydrogenase which requires diphosphopyridine nucleotide, and of trans- 
aminase which requires pyridoxal (25) was not affected by nitrogen mustards. 

DISCUSSION 

The experiments presented in this paper on inhibitions of enzyme reactions 
by nitrogen mustards show that these compoimds act either as structural 
inhibitors or through combination with different reactive groups of the protein 
moiety of the enzyme. The halogenated alklyamines in aqueous neutral solu- 
tions are rapidly transformed into the quaternary ethylenimonium derivatives 
which are structurally similar to choline. Inhibition of the oxidation of choline 
by choline oxidase, of the hydrolysis of acetylcholine by the esterase, and of the 
synthesis of acetylcholine by choline acetylase, is due in every case to structural 
inhibition; i.e., inhibition due to combination of the nitrogen mustard derivative 
>yith the protein moiety of the enzyme at the same side chains where combina- 
tion of choline or acetylcholine and protein takes place. Indication that such 
a specific combination occurs was given by the lack of action of methyl-bis- 
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(iS-chloroethyl)amine on the liydrolysis of monobutyrin, by prevention of inhi- 
bition on previous addition of choline or acetyldiohne, and partial reversal on 
addition of chohne after nitrogen mustard addition to the eruzyme. There is. 
however, a difference between the otlier well known structural inhibitors and 
nitrogen mustards. In fact, while inhibition of succinoxidase by malonate 
depends on the ratio of malonate; succinate and not on the absolute amount of 
malonate (see reviews by Wooley (25-27), by Roblin(28), and by Welch (29)), 
nitrogen mustard inhibition occurs with very small concentrations and is not 
reversed completely. This must be attributed to strong association between 
the nitrogen mustard and the protein. This strong association was strikingly 
demonstrated when different substances known to react easily with nitrogen 
mustards were used to prevent inhibition. Thiosulfate, the most effective 
preventive agent, had to be added at a concentration 1000 times as great to 
prevent inhibition. The nitrogen mustards must, thus, be looked upon as a 
new subdivision of the general structural inhibitors, effective at low concen- 
trations because of seemingly irreversible combination with the protein at the 
same specific side chain where combination with choline takes place. 

The otlier enzyme inhibitions studied by Cori, as well as those found by 
Dixon and by us (inhibition of phosphokinases, pyruvate o.xidase, etc.) have^a 
different mechanism of action and require greater concentrations of inhibitor. 
They must be due to interaction of certain groups of the protems (NH 2 groups, 
carbo.xyl groups, — SH groups) with the highly reactive halogen groups of nitro- 
gen mustard. 


SUMMARY 

Nitrogen mustards are powerful inhibitors for choline o.xidase, acetylcholine 
esterase, and choline acetylase, half-inhibition of the first enzyme being pro- 
duced with concentrations around 1 X 10^ 11 ; i.e., ten times less than the LDso 
values. Acetylcholine esterase and choline acetylase required higher concen- 
trations. This inhibition seems to be due to the structural similarity of the 
ethylenimonium derivatives with choline and acetylcholine. A list of enz 3 mie 
systems inhibited by nitrogen mustards is given. 
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It was shown in the preceding paper (1) that nitrogen mustards act as struc- 
tural inhibitors for the enzymes where choline acts as a substrate, such as choline 
oad^Lse, acetylcholine esterase, and choline acetylase. Besides this type of 
inhibition, nitrogen mustards produced other enzyme inhibitions. In vitro 
studies with enzymes are an indication that such enzymatic reactions might be 
inhibited in experiments with tissues or in in vivo experiments. However, there 
is no certainty that they would actually be found, not only because the necessary 
concentrations might not be present, but also because the compound might have 
been transformed into others of different constitution or mi^t have combined 
with other substances present in the extracellular milieu. We present in this 
paper studies on the effect of nitrogen mustards on tissue metabolism. Experi- 
ments with tissues permit the study of biochemical reactions which have not 
yet been accomplished in cell-free systems. These studies have shown that 
pyruvate metabolism in tissues is powerfully inhibited and that enzyme inhi- 
bitions in tissues increase in degree as the time of exposure of nitrogen mustards 
to tissue increases. Such experiments with tissue slices have finally been 
folbwed by a study in tissues of animals receiving nitrogen mustard of the 
same enzyme reactions that were inhibited in in vitro experiments. 

Nitrogen Mustards and Tissue Respiration 

A study of the effects of nitrogen mustards on the chemical activities of living 
cells is greatly complicated because of the rapid chemical transformations that 
these substances undergo when in solution, and by the rate of penetration 
through the cell membranes. 

Toxicological tests have shown that the ethylenimonium derivatives are the 
most toxic of the transformation products of nitrogen mustards. Their concen- 
tration diminishes steadily so that at the end of 24 hours none is left in the case 

• The work described in this paper was performed in part under a contract recommended 
by the Committee on Medical Research between the Office of Scientific Research and Develop- 
ment and The University of Chicago, and irr part by a gran t from the American Cancer Society, 
on the recommendation of the Committee on Growth. 
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of TEA, about 9 per cent in tliat of MBA, and 47 per cent in that of ethyl-bis- 
(/3-chloroethyl)amine HCl (EBA), as can be seen in Fig. 1 plotted from the data 
on hydrolysis at 25° given by Golumbic cl al. (2, 3) and by Fruton and Berg- 
mann (4). In all the experiments with tissue slices, tlie hydrochloride salts of 
nitrogen mustards dissolved in Ringer-phosphate buffer (phosphate, 0.02 is) 
were brought to pH 7.4 and were added to the tissue suspension 15 minutes 
after solution. 

i. Tissue Respiration . — In the experiments with tissue slices and with leu- 
cocytes, tissues and cells remained in contact with the nitrogen mustards for 



Fig. 1. The destruction of the ethylenimonium transformation product of nitrogen mus- 
tards in bicarbonate solution as determined by NajSjOj consumed in 10 minutes per mir of 
nitrogen mustard. Temperature 25°. (1) Ethyl-bis(^-chloroethyl)amine; (2) methyl-bis- 

(^-chloroethyOamine; (3) tris(/J-chloroethyl)amine. (From data given by Golumbic el al. 
(2, 3).) 

about 25 minutes before readings of the Oj uptake were started. There was 
inhibition of respiration of all tissues studied, and in all cases the inhibition 
increased gradually so that inhibition in the 2 nd hour was always greater than 
in the first. In some cases, as in that of leucocytes, there was no effect at aU 
in the 1st hour, the inhibition becoming manifest in the 2nd hour (Table I). 

The effect of four nitrogen mustards on the respiration of spleen (rat) is given 
in Table II. AU four produced the same progressive inhibition. At the end of 
2 hours, ethyl-bis(jS-cMoroethyl)amine, and isopropyl-bis(/3-chIoroethyl)amine 
had the most powerful inhibitory effect. 

The respiration of lymphatic tissue (mesenteric and axiUaiy lymph nodes) 
was inhibited by smaU concentrations of MBA. In fact, even 1 X 10^ (less 
than the LD 50 for rabbits) produced definite inliibition (Fig. 2). Marked 
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TABLE I 

Eject of Nitrogen Mustards on Tissue Respirations 


Ringer-phosphate buffer. Inhibitor (0.001 u). 


Tissue 

Inhibition 

TEA 

MBA 


fer cent 

ftr cent 

Leucocytes from myeloid leukemia 



Isthr 


None 

2nd “ 


27.5 

leucocytes from lymphoid leukemia 


11 

Isthr 

8 

2nd “ 

13 

45 

Bone marrow, rat 



Isthr * 


21 

2nd “ 


52 

Thymus, rabbit 



Isthr 


59 

2nd “ 


88 

Lymph nodes, rabbit 



Isthr 

12 

IS 

2nd “ 

34 

70 

Liver, rat 

Isthr. 

19 

30 

2nd “ 

23 

72 

Kidney, rat 

Isthr. 

48 

70 

2nd“ 

77 

92 

Brain, rat 

1st hr 

20 

14 

2nd “ . 

32 

33 



TABLE n 

Effect of Nitrogen Mustards on the Respiration of Spleen Slices {Rat) 
Glucose-Singer-phosphate, pH, 7.4. Nitrogen mustard, 0.001 m. 


NiUogea mustard 

Ot upUke per mg. dry tissue 

1 

1st hr. 

2ad hr. 


cjnm, 

11.6 

10.9 

cjnm. 

3 

AIethyl-bis(ff-chloroethyl)amine 

6.1 

Tris03-chloroethyl)amine 

11.0 

8.6 

lsopropyl-bis(^chloroethyl)amme 

7.8 

5.4 

Ethyl-bis(3-chloroethYl)a.niinR 

7.2 

4.4 


histological alterations and the leucopenia are also indications of this marked 
sensitivity of lymphoid tissue to nitrogen mustards. 
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2. Tissue Glycolysis . — Nitrogen mustards inhibit somewhat the activity of 
hexokinase while they have no effect on the other enzymes which take part in 
the glycolytic process. In tissue slices, the anaerobic glycolysis of rat brain 
(slices) was not affected in experiments of 1 hour duration. In rabbit bone 
marrow there was slight inhibition in the 1st hour which became more marked 
in the 2nd hour. Anaerobic glycolysis of brain was unaffected. 

3. Pyruvate Metabolism . — The metabolism of pyruvate by tissue slices was 
profoundly affected by nitrogen mustards. To differentiate the effect on 



Fig. 2. Effect of various concentrations of MBA on the respiration of rabbit lymphatic 
tissue. (1) Control; (2) 1 X lO"* M MBA; (3) 5 X KT* u MBA; (4) 1 X 10-< MBA. 

P3rruvate metabolism from the general inhibition of respiration, all the experi- 
ments were performed both in the presence and in the absence of pyruvate. 
The value Qq, pyruvate — Qq, would represent the increase in Oa uptake due to 
pyruvate oxidation. Furthermore, pjuaivate analysis measured the amount of 
pyruvate utilized by the tissue. Four nitrogen mustards were tested: methyl- 
bis08-chloroethyl)amine HCl (MBA), tris(/S-chloroethyl)amine HCl (TEA), 
isopropyl-bis(/3-chloroethyl)amine HCl (PBA), and ethyl-bis03-chloroethyl)- 
amine HCl (EBA). All of them produced a striking inhibition of pyruvate 
metabolism at the concentration used (0.001 m), MBA being the most powerful 
inhibitor (Table III). The same increase of inhibition with time was observed. 
With 1 X 10~* M MBA the inhibition started as soon as pyruvate was added to 
the tissues (30 minutes after addition of nitrogen mustard). With 1 X 10^ 
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inhibition started only 30 minutes after pyruvate addition and increased with 
time so that at the end of the last half hour (experiments of 2 hours’ duration) 
the inhibition was 61 per cent. With 5 X lO"® m, the inhibition started 45 
minutes after pyruvate addition. In the last 15 minutes, the inhibition had 
increased to 55 per cent. Finally with 1 X 10“® M, the inhibition started only 
90 minutes after measurement of the O2 uptake and 105 minutes after addition 
of the nitrogen mustard (Fig. 3). The inhibitory effect of nitrogen mustard 
was also shown on measuring pyruvate utilization (Table IV). It must be 
mentioned, however, that at the end of 2 hours there is still a large proportion 
of ethylenimonium compound present in MBA (see Fig. 1). This inhibition of 
pyruvate metabolism seems to be confined to animal tissues, for the oxidation 

TABLE in 

Efccl of Nitrogen Mustards on the Respiraiion of Kidney Slices (Rat) and on the Metabolism of 

Pyruvate 

Ringer-phosphate, pH 7.4. Methyl-bbO-chloroethyl)ainiiie = MBA; tris(j3-chloroethyl)- 
amine = TBA; isopropyl-bisO-chloroethyl)amine = PBA; ethyl-bis(^chloroethyl)amine = 
EBA. The figures give c.mm. per mg. dry weight per hour. 


Measurements 

Control 

MBA 

1 

TBA 

! 

PBA 

EBA 


e,inm» 

e mm» 

e mm. 

c mm. 

e mm. 

Os uptake, 1st hr 

22.0 

6.6 

9.5 

9.2 

14.3 

“ “ 2nd“ . 

17.8 

0.8 

1.6 

4.6 

5 0 

“ “ with pyruvate 

1st hr 

32.8 

12.4 

18.5 

17.8 

19.8 

2nd “ 

30.5 

1.1 

6.4 

5.9 

8.6 

Pyruvate utilization, 2 hrs 

35.1 

6.4 

17.3 

11.4 

12.0 


of pyruvate by yeast was inhibited only to a small degree (Fig. 4). As the 
minimum lethal dose of MBA in subcutaneous injection in mice is 2.6 mg. per 
kilo, i.e. 1.35 X 10"® m, inhibition of pyruAmte metabolism can be obtained with 
amounts well within the minim um lethal dose. 

4. Oxidation of Amino Acids by Kidney Slices . — The effect of nitrogen mus- 
tards on the oxidation of amino acids by kidney slices was studied by measuring 
the O2 uptake of the tissues in the presence and in the absence of amino acids 
and by measuring the formation of NHj. The following amino acids were used : 
glutamic acid, leucine, valine, and d,^alanme. The oxidation of 7-amino acids 
(measured by O2 uptake as well as by NHj formation) was inhibited, that of 
glutamate showing the greatest effect. The oxidation of d,f-alanine (as 
measured by NHj formation) was increased in the presence of four nitrogen 
inustards (Table V). This increase was investigated further by measuring 
simultaneously the O2 uptake, alanine utilization, and pyruvate and NH3 for- 
mation. Both MBA and TBA produced an increase in the utilization of alanine 
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Fig. 3. Effect of iiiethyl-bis(B-chloroethyl)aniiiie (MBA) on the 0» uptake of kidney slices 
in the presence of pyruvate. Pyruvate, 0.01 M. pH, 7.4. Temperature 38°. (1) Control; 
(2) MBA, 0.001 m; (3) MBA, 0.0001 M; (4) MBA, 0.00005 ii; (5) MBA, 0.00001 if. 

TABLE rV 

Effect of Mcthyl-Bis(ff~Chloroethyl)ainine {MBA) at Different Concentrations on the Metabolism 

of Pyruvate by Kidney Slices {Rat) 

Figures give pyruvate utilization at the end of 2 hours. Pyruvate utilization, control = 
35.1 c.mm. 


AIBA concentration 

Pyruvate utilization UBA 

Inhibition 

V 

~ c.mm. 

per cent 

0.001 

6.4 

82 

0.0001 

19.8 

43.5 

0.00005 

23.0 

34.5 

0.00001 

30.4 

12.4 
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Fig. 4, Effect of methyl-bis(/S-chloroethyl)amine HCl (MBA) on the oxidation of pyruvate 
by baker’s yeast Hippurate buffer, pH 3.8. MBA, 1 X 10^ M; pyruvate, 1 X M. 
Temperature 2&'‘. (1) Control; (2) MBA, 1 X KT’ ii. 

TABLE V 

Eject of Nitrogen Mustards on the Oxidation of Amino Acids by Kidney Slices 


Ringer-phosphate, pH 7.4; amino acid concentration, 0.01 ir; nitrogen mustard, 0.001 m. 


Substrate 

Nitrogen 

mustard 

Oi uptake 

NHs formation 

Control 

Inhibitor 

Control 1 

Inhibitor 

Glutamate 

TBA 

c.mm, 

34.3 



CMm. 

0.26 

<( 

MBA 

34.3 

■ilB 


0.30 

Leudne 

TBA 

i 22.9 

12.6 

1.0 

0.845 

Valine 

tt 

17.9 

13.9 

0.995 

0.885 

i< 1 

MBA ! 

17.9 

11.8 

0.995 

1.053 

Phenylalanine 

TBA 

12.8 

10.0 

0.966 

0.834 

a 

MBA 

12.8 

10.0 

0.966 

1.011 

d, hAlanine 

TBA 

35.3 

32.2 

0.644 

1.97 

« 

MBA 

35.3 

36.0 


2.70 

U 

PBA 

45.3 

27.5 

2.04 

2.65 

It 

EBA 

42.5 

23.6 

1.95 

2.53 


accompanied by an increased formation of pyruvate and lOTij. In the control 
experiments, 94 jier cent of the pyruvate formed through the oxidation of 
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alanine was further utilized by the tissues while 83 per cent of the NH3 formed 
was found in the solution. In the presence of MBA, 66 per cent of the pyru vate 
formed was found, while the accumulation of NH3 was the same as in the control 
(Table VI). 


T.VBLE VI 

EJfcct of-NUrogen Mustards on the Oxidation of d,l-Alanine 


Incubation time, 90 minutes. Ringer-phosphate, pH 7.-1-. Alanine concentration, 0.04 
sr. Tissue, rat kidney slices. Inhibitor, 1 X 10“’ if. Figures give micromoles per milli- 
gram of dry tissue. 



Control 

TBx\ 

Inhibition 
or increase 

MBA 

Inhibition 
or increase 

O 2 uptake 

Alanine utilization 

Pyruvate formation 

NHj “ 

tot per mt. 

1.66 

1.11 

0.06 

0.92 

pv per mi. 

1.34 

1.62 

0.82 

1.25 

per cent 

1 

-19 

-f46 

-M200 

-i-36 

iiif per mi. 

1.04 

1.74 

1.15 

1.44 

per cent 

-31 

+57 

+1816 

+46 


T/\BLE VII 

Effect of Nitrogen Mustards on Biochemical Reactions Leading to Synthesis 


Synthesis 

Tissue 

TBA 

Inhibition 

MBA 

Inhibition 

1. Carbohydrate, from pyruvate 

Kidney 

if 

10-3 

per cent 

71 

if 

10-3 

per cent 

94 

(t (t (< 

it 

10-’ 

61 

10“* 

71 

2. Urea, from glucose + NHj 

Liver 

10“’ 

68 

10-’ 

89 

(< (t (t 4t (t 

(( 

5 X 10“’ 

62 

5X10-* 

75 

it (i it it (( ' 

C( 

1 X 10-’ 

! 2 

1 X io-‘ 

2 

3. Creatine, from glycocyamine + 






methionine (3 hrs.) 

(( 

1 X 10-’ 

28 

1 X 10"’ 

26 

Creatine, from glycocyamine + 






methionine (6 hrs.) 

cc 

(C 

62 

ti 

79 

4. Amino acid, from NHj + ketoglu- 






tarate 

Kidney 

it 

32 

tt 

40 


5. Effect of Nitrogen Mustards on Biochemical Reactions Leading to Synthe- 
sis . — On observing animals that have received to.xic amounts of halogenated 
alkylamines, one is struck by the slow effect of these substances, which never 
produce rapid death; by the progressive disintegration of the animals. The 
partial inhibition of oxidation reactions accompanied by inhibition of those re- 
actions leading to synthesis and to regeneration of tissue cells might be one of 
the mechanisms of the toxic action of halogenated alkylamines. The e.xperi- 
ments reported in Table ITI show that methyl-bis(/3-chloroethyl)amine and 
tris03-chloroethyl)amine inhibit those reactions leading to synthesis that have 
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been studied. The synthesis of carbohydrate from pyruvate by kidney slices 
was mhibited by TEA and by MBA. The synthesis of creatine by liver slices 
in the presence of glycocyamine and methionine was mhibited with both halo- 
genated alkylamines, TEA and MBA. The synthesis of glutamic acid by the 
kidney in the presence of oi-ketoglutarate plus NH4CI was inhibited fay TEA 
and MBA. This marked effect of halogenated alkylamines on enzymatic 
processes leading to synthesis might explain the delay in the appearance of 
leucopenia. The compoimds seem to act by slowing multiplication processes. 
This was beautifully shown by Friedenwald and Schultz (5), who found that 
amounts of alkylamine too small to inhibit the metabolism of the cornea produce 
inhibition of mitosis, and by the experiments of Auerbach et al. (6), who found 
that sublethal doses of MBA reduced the fertility of female Drosophila and 
produced considerable effects on mutation rate and chromosome arrangement 
as well as disturbances in the nuclear mechanism. Whether these effects are 
due to the halogen groups and are thus similar to the effects produced by mus- 
tard gas, or are due to structural inhibition of enzymatic reactions where choline 
is one of the substrates is not yet known. It is quite possible that some of these 
toxic symptoms may be due to disturbances of choline metabolism. 

6. Bone Marrow . — It is known that nitrogen mustards produce marked 
alterations in the bone marrow even when used at concentrations far below the 
lethal dose. A series of experiments was performed with rabbit bone marrow 
slices with the purpose of finding an agent which would either prevent or reverse 
the injurious effects of nitrogen mustards when used for medical treatment. To 
insure a steady respiration, the sKces were suspended in the following solution, 
which was shown by Warren (7) and by Goldinger et al. (8) to maintain respira- 
tion; 30 cc. of neutralized, sterile, unheated, beef serum ultrafiltrate, 30 cc. of 
Ringer solution (100 cc. of 0.154 m NaCl, 2 cc. 0.154 m KCl, 2 cc. 0.11 m CaCU), 
40 cc. of 0.1 m phosphate, pH 7.4. Glucose was added to a concentration of 
0.01 M. MBA at a concentration of 1 X 10~^ M inhibited the respiration 50 per 
cent in the 1st hour and 65 per cent in the 2nd hour. With low concentrations, 
the effect was similar to that produced in kidney slices. 5 X 10~® M MBA, 
which had no effect on the respiration in the 1st hour, produced 30 per cent 
inhibition at the end of 5 hours. Even a concentration of 5 X 10^ M gave a 
definite though small inhibition (Fig. 5) . (This amount is about half the initial 
concentration in the blood of patients treated with MBA.) 

With low concentrations of MBA most of it became fixed in the tissue and 
very little remained in the solution. This was demonstrated by keepmg the 
slices in MBA (5 X 10^^ 11) for 30 minutes at 38°. The slices were then washed 
and put into Warburg vessels containing no nitrogen mustard. Other slices 
were suspended in the fluid in which the previous slices had been kept, which 
originally contained 5 X 10~® ii MBA, At the end of 5 hours the respiration 
of the washed slices was inhibited 26 per cent, while that of the slices suspended 
in the fluid of the previous slices was inhibited only 14 per cent (Fig. 6). 
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Some preliminary experiments performed in 19-13 indicated that choline may 
protect mice against lethal doses of MBA. The experiments in Fig. 7 show that 
choline added to bone marrow slices protected the tissue against the inhibition 
of respiration by MBA. Since choline in large concentrations inhibits tissue 
respiration, experiments were performed to find the maximum amount of 
choline which may be added to tissues without affecting respiration. Tissue 
slices were kept suspended for 45 minutes in the buffered solution containing 



Fig. 5. Inhibition of bone marrow respiration by nitrogen mustards. (1) Control; (2) 
MBA, 1 X 10-“ m; (3) MBA, 5 X KT* ai; (4) MBA, SX lO"* ii; (5) MBA, 1 X 10"“ ir. 

5 X 10"’ M choline before addition of nitrogen mustard (5 X 10"® ir). Tissues 
thus treated were scarcely affected by MBA, while in the absence of choline, 
MBA inhibited respiration by 43 per cent. A number of substances which 
enter into the cycle of biological choline interrelationships were tried as pre- 
ventive agents: dimethylaminoethanol, betaine, methionine, and lecithin. 
Lecithin and betaine were without protective effect. 3 X 10"* at dimethyl- 
a,minoethanol plus 3 X 10"* ii methionine prevented almost completely (93 per 
cent) the inhibitory action of 5 X 10"® at MBA;* dimethylaminoethanol alone 

* Dimetliylamiaoetlianol, at a ratio of 100:1 of nitrogen mustard, prevented the inhibition 
of choline oxidase by 53 per cent. 
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prevented it 81 per cent, while methionine alone had no effect at all (Fig, 8). 
Although the mechanism of this protective action has not yet been elucidated, 
it undoubtedly is an indication of the important r61e of choline in the metabo- 
lism of bone marrow. The methylation of dimethylaminoethanol to choline 
was demonstrated by du Vigneaud el al. (9). These experiments suggest the 



Fig. 6. Fixation of nitrogen mustards by bone marrow. (1) Control ; (2) fresh bone marrow 
slices added to centrifuged supernatant fluid obtained from 30 minutes’ incubation of other 
bone marrow slices (No. 3 below) with MBA, 5 X 10“‘ ll; (3) washed bone marrow slices from 
the above 30 minutes’ incubation with MBA were resuspended in fluid free of MBA. 

Utilization of choline or choline precursors to avoid the injurious effects of 
nitrogen mustards on the bone marrow durmg nitrogen mustard therapy. 

7. Toxicity of Melhyl-Bis(P-Chloroethyl)amiue to Growing Seeds . — Water 
solutions of nitrogen mustards retain toxicity for a longer time than nitrogen 
mustards in well buffered solutions. To study the toxicity of these water solu- 
tions to plants, tomato seedlings were grown in sand and distilled water in the 
presence and in the absence of 0.001 ii methyl-bis(/3-chloroethyl)amine. For 
3 days the seedlings in both grew about equally. At the end of the 3rd day the 



514 


EFJPJECr OF NITROGEN IIUST.VRDS ON TISSUE iCET/VBOLISil 



TIME IN HOURS 

Fig. 7. Protection of nitrogen mustard inhibition of respiration by choline. (1) Control, 
bone marrow slices; (2) bone marrow + 5 X 10"* ii choline; (3) bone marrow kept for 45 
minutes witli 5 X 10"* ii choline; 5 X 10"* m MBA, added aftenvards; (4) bone marrow + 
5 X 10"* M MBA. Oj uptake measurements arc those obtained after the 2nd hour of incu- 
bation. 


z 

Ui 

o 



TIME IN HOURS 

Fig. 8. Protection of nitrogen mustard inhibition of respiration by dimetliylaminoethanol. 
(1) Bone marrow control; (2) dimethylaminoethanol, 3 X 10"* m; (3) dimethylaminoethanol, 
3 X 10"* M -f- 3 X 10"* sr methionine -h 5 X 10"* ir MBA; (4) dimethylaminoethanol, 3 X 10"* 
ii -J- MBA, 5 X 10"* it; (5) MBA, SX 10"* ar. Oj uptake measurements are those obtained 
after the 2nd hour of incubation. 


seedlings containing MBA ceased to grow. At the end of 1 week the difference 
between the control seeds and the seeds containing MBA was remarkable. 
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Nitrogen mustards in water are thus toxic to growing seeds and the toxicity is 
manifested days after treatment. 

Tissue Metabolism and the Activity of Some Enzyme Systems in Rats Treated 
with Methyl'-Bis(^-Chloroethyt)amine {MBA) 

In studies with isolated enz 3 nne systems it has been shown that the most 
striking property of the halogenated alkylamines is the mhibition of choline 
oxidase, and next to it the inhibition of choline esterase, pyruvate oxidase, 
phosphocreatine phosphokinase, and inorganic p 3 rrophosphatase. In studies 
with tissue slices it was foimd that a number of reactions leading to synthesis 
were inhibited as well as the total respiration. Whether these findings can be 
extended to the effect of these compounds bn the living animal will depend on 
the distribution throughout the different tissues of this or that transformation 
product of the halogenated alkylamines. In searching for the mechanism of the 
toxic action of a compound, studies on enzymes must therefore be accompanied 
not only by observations of the enzymatic reactions in tissues but also by a 
determination of the enzyme activity of the tissues of animals treated with 
lethal amounts of alkylamine. Inhibitions found under these conditions may 
reasonably be considered among the factors responsible for toxicity. For this 
purpose rats were treated with amounts of MBA which allowed a survival up to 
100 hours. Twelve rats together in each experiment received methyl-bisOS- 
chloroethyl)amine in a gas chamber and the rats were lolled at different times 
for study of tissue metabolism. 

1. Choline Oxidase by the Liver and Kidney of Rats Treated with MBA. — Kid- 
ney slices of rats treated with MBA and killed 2 and 5 hours after treatment 
showed a decreased Qq, value in the absence of choline (27 per cent decrease) 
when compared to the Qq, value of normal rats. On addition of choline there 
was no rise of the Qq, values 2 hours after treatment; i.e., there was complete 
inhibition of choline oxidase. Complete inhibition was also found in rats killed 
19 hours and 43 hours after treatment. The inhi bition of choline oxidase was 
partial in the other rats and had disappeared at the end of 48 horns, an indi- 
cation that in 48 hours there was new formation of the enzyme (Table VUI) 
(the mhibition produced by the alkylamines is irreversible). This resynthesis 
of the enz 3 me in such a short time is remarkable and is indicative that the 
continuous breakdown and synthesis of protein in the body apply also to the 
protein moiety of enzymes. The inhibition of choline oxidase in the kidney was 
confirmed by Cori(lO). 

In sharp contrast with this inhibition of choline oxidase in the kidney was the 
lack of effect in the liver. The choline oxidase activity of the treated rats, 
killed from 1 hour after treatment to 30 hours after, remained unimpaired. 

2. Pyruvate Oxidation by the Kidney. — It has been shown that the oxidation 
of pyruvate by kidney slices is strongly inhibited by nitrogen mustards. The 
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TABLE Vin 


Choline Oxidation by the Kidney of Rats Gassed svith Methyl-Bisi^-Cklorocthyl) Amine {MBA) 

Qo, of normal kidney in the absence of choline => 18.3. In the presence of choline => 27.0; 
<?Oi choline 8.7. 


Aniount oC 
MllA 

Time after 
ffassins 

without 

choline 

Qq, with 
choline 

Qq^ choline 

Inhibition of choline 
oxide tion 

me. per liter 
per to min. 

hes. 

c.Mm. 

c.tnnt^ 

c,min» 

Per cent 

0.71 

2 

13.0 

13 

0 

Complete 

0.71 

5.2 

13.5 

18.2 

4.2 

51.7 

0.71 

12 

18.5 

21.6 

3.1 

64.5 

0.80 

19 

16.0 

14.3 

0 

Complete 


24 

10.0 

16.8 

6.8 

21.8 

0.80 

31 

18.5 

19.3 

0.8 

90.8 

0.80 

43* 

19.4 

18.0 

0 

Complete 

0.80 

46.3 


23.9 

3.5 

59.7 

0.65 

48 

■n 

22.5 

11.1 

None 


* Rat died 40 minutes before experiment started. 


T/\BLE IX 

Pyrimte Oxidation by the Kidney of Rats Gassed with Meihyl~Bisifi-Ch!oroethyl)Amine {MBA) 


, Qoi of normal kidney in tlie absence of pyruvate = 18.3. In the presence of pyruvate = 
27.5: Qot pyruvate = 9.2. 


/Vmount of MBA 

Time after gassing 

Oo without 
pyruvate 

with pyruvate 

Inhibition of pyruvate 
oxidation 

ms..per titer fer 

10 min. 

hrs. 

c.mm. 

c.mvt. 

perlcent 

0.71 

2 


11.4 

Complete 

0.71 

5.2 


13.9 

Complete 

0.71 

12 

18.5 

20.3 

80.5 

0.80 

19 

16.0 

13.2 

Complete 

0.80 

24 

10.0 

14.9 

46.7 

0.80 

31 

18.5 

27.3 

None 

0.80 

43 

19.4 

23.9 

51.0 

0.80 

46.3 

20.4 

25.0 

50.0 

0.65 

48 

11.4 

12.7 

86.0 

0.65 

72 

24.2 

23.3 

Complete 

0.46 

83 

18.4 

21.7 

35.8 


same inhibition was found in the kidney of rats, treated with MBA. The inhi- 
bition was complete in rats killed 2 , 5 . 2 , 19, and 72 hours after treatment. In 
all the other rats, killed at diflferent times up to 83 hours, there was partial 
inhibition (Table IX). 

Whether the inhibition of pyruvate o.xidation is found in all tissues or is con- 
fined to the kidney is not known. In one case, the oxidation of pyruvate by the 
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brain of a rat killed 2 hours after gassing was found to be the same as in normal 
rats. In another case, the utilization of pyruvate by the liver of a rat killed 24 
hours after treatment was also found to be normal. 

3. Urea Synthesis by the Liver— It has been shown that the synthesis of urea 
by the liver is inhibited by alkylamines. In rats treated vrith MBA the S 3 mthe- 
sis of urea by the liver was followed, the anunals being" killed at different tunes 
after treatment, from 1 hour to 74 hours. In two rats which died half an hour 
before the experiments started there was 83 and 78 per cent miubition of urea 

TABLE X 

The Actieily of Urea Synthesis by the Liver in Rats Gassed utilh Mei/tyl-Bis(fi-Chhroeihy[)Amine 


The average value of Q urea of normal rats is: 4.87 (cubic m illimeters of urea produced per 
milligram of tissue (liver) per 2 hours). 


Amount of UBA 

Time after caisslns 

Q urea 

Inhibition 

tnc. itr UUf fir 20 min. 

hrs. 

cjnm. 

fcT cent 

0.7 

1 

3.49 

28.3 

0.7 

4.7 

4.37 

10.0 

0.7 

10.5 

4.03 

9.6 

0.7 

21 

5.89 

None 

0.7 

24 

i 4.21 

13.5 

0.71 

26 

3.86 

20.7 

0.71 ’ 

31 

1.85 

62.0 

0.71 

29 

3.72 

23.6 

0.71 

43* 

0.81 

83.2 

0.71 

74 

3.72 

23.6 

0.71 

46.5* 

1.04 

78.5 

0.71 

S3 

.3.72 

23.6 

0.71 

50 

2,60 

46.5 


* Rat died 1 hour before the experiment started. 


synthesis. In all the other cases, except one, there was partial inhibition 
(Table X). 

4. Brain Choline Esterase . — ^It has been shown by Dixon, Thompson, and 
ourselves that brain choline esterase is inhibited by nitrogen mustards. How- 
ever, the amount required to produce about 60 per cent inhibition was 1 X 10^ 
It, which is 100 times higher than the lethal dose. As expected from these 
figures the choline esterase activity of the brain of rats killed from 1 hour to 55 
hours after gassing remained, remarkably within normal values. 

5. Tissue Glycolysis atvd Coenzymes . — In in vitro experiments halogenated 
alkylamines produced some inhibition of glycolysis I 5 hours after the addition 
of alkylamine to the tissue. The anaerobic glycolysis of brain slices of rats 
treated with methyl-bisC^-chloroethyllamine remained within normal values at 
different times after treatment. 
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The (iiphosphopyridine nucleotide and diphosphothiamine content of tissues 
was also normal, showing that MBA had no effect at all on these coenzymes. 

Cori (10) injected methyl-bis(j3-choroetliyl)aminePICl (15 mg. per kilo) into 
rats. .A.t the end of 3 hours, the following enzymes from the kidney were in- 
hibited: choline o.xidase, 100 per cent; he.Kokinase, 74 per cent; inorganic pyro- 
phosphatase, 42 per cent. When the renal blood vessels were clamped for 20 
minutes after the injection of nitrogen mustard choline o.xidase inhibition 
dropped to 32 per cent. It seems that all the to.xic substances capable of in- 
activating enzymes disappear from the circulating blood stream 20 minutes 
after injection. 


DISCUSSION 

In the e.xperiments presented in this paper nitrogen mustards added to tissue 
slices produced a strong uihibition of pyruvate metabolism. They also in- 
hibited the o.xidation of /-amino acids and the utilization of NHj. Further- 
more there was inhibition of a number of synthesis reactions, such as the synthe- 
sis of carbohydrate from pyruvate, the synthesis of creatine from glycocyamine 
and methionine, the synthesis of glutamic acid, and the synthesis of urea. In 
plants, there was uihibition of the growth of seeds. Of these inhibitions, the 
inhibition of methylation reactions, such as the transfer of the methyl group 
from methionine to glycocyamine with the formation of creatine, perhaps 
belongs to the type of structural inhibition because labile methyl groups are 
found only in quaternary nitrogen compounds structurally similar to the active 
ethylenimonium derivative of nitrogen mustards. The inhibition of pyruvate 
metabolism and of /-amino acid o.xidation might be due either to combination 
with the -SH groups of the protein moiety of these enzymes or to combination 
of other groups of the side chains of the protein with the highly reactive 
halogen groups of nitrogen mustards. The lack of inhibition of succinoxidase 
and phosphoglyceraldehyde dehydrogenase (which are sulfhydryl enzymes) is 
only evidence that nitrogen mustards do not inhibit all sulfhydryl enzymes. 
In fact, inhibition of mitosis by nitrogen mustards, sulfur mustard, and x-rays 
finds reasonable explanation in the assumption that the process is controlled by 
a sulfhydryl enzyme with very labile and reactive -SH groups, easily alkylated 
by the first two and oxidized by the last. 

The great sensitivity of the bone marrow respiration explains the leucotoxic 
action of nitrogen mustards. The e,xperiments on bone marrow slices in which 
the inhibitory action of nitrogen mustards was’prevented on addition of choline 
or the choline precursors, dimethylaminoethanol and methionine, seem to 
demonstrate the r6le of choline in the metabolism of the bone marrow, and they 
point the way for the treatment of nitrogen mustard intoxication in the course 
of its medical use. 

The mechanism of the toxic action of nitrogen mustards is thus complex and 
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must be due to the dual action of the compound which can act as a structural 
inhibitor and an inhibitor of enzyme reactions through combination with 
certain groups of the protein moiety essential for enz3nne activity. 

The inhibition of reactions leading to synthesis, the inhibition of pyruvate 
metabolism, of /-amino acid oxidation, of phosphokinases and of hexokinase 
together contribute to the striking symptoms of destruction and lack of for- 
mation of new cells leading to leucopenia and atrophy of the bone marrow. 
This inhibition of growth was clearly demonstrated in the inhibition of the 
growth of seedlings treated with nitrogen mustards. Furthermore, the large 
accumulation of NH3, in the tissues where amino acids and nitrogen mustards 
were present, is indication of lack of utilization of NH3 for the formation of 
nitrogenous compounds among which the proteins are obviously included. 

SDMMARY 

Nitrogen mustards at a concentration forty times the minimum lethal dose 
inhibited the respiration of all tissues studied but affected anaerobic glycolysis 
very little. The inhibiting effect increased with time. The respiration of 
lymphoid tissue was extremely sensitive to nitrogen mustard, as concentrations 
below the LDjo definitely inhibited the respiration of rabbit lymph nodes. In 
tissue slices nitrogen mustards inhibited the oxidation of pyruvate and of /- 
amino acids and the utilization of NHj . A number of synthesis reactions were 
also inhibited, such as the synthesis of carbohydrate, of creatine, and of urea. 
When added to growing seeds, nitrogen mustards inhibited their growth. In 
rats given lethal doses of nitrogen mustards there were found complete inhi- 
bition of choline oxidation and strong inhibition of pyruvate oxidation by the 
kidney and partial inhibition of urea synthesis by the liver. Inhibition of bone 
marrow respiration by nitrogen mustards was prevented by the addition of 
choline, and of dimethylaminoethanol plus methionine The possible mecha- 
nism of nitrogen mustard intoxication is discussed. 
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VARIATION OCCURRING IN GROUP A STREPTOCOCCI DURING 

HUMAN INFECTION 

Progressive Loss oe M Substance Correlated with Increasing 
Susceptibhity to Bacteriostasis 

By SIDJTEY ROTHBARD, M.D., and ROBERT F. WATSON, M.D. 

{From the Hospital of The Rockefeller htslituie for Medical Research) 

(Received for publication, March 5, 1948) 

During the course of routine typing of group A streptococci recovered from 
nasopharyngeal cultures of patients sufiFefing from hemolytic streptococcal in- 
fections of the upper respiratory tract, it was noted that, although there was 
no change in the colony morphology on sheep or rabbit blood agar plates, the 
streptococci obtained during convalescence often produced less type-specific M 
substance than the streptococci isolated durbg the acute phase of infection. 

It was also observed that the streptococci isolated in the convalescent period 
were often susceptible to the bacteriostatic action of normal children’s blood, 
whereas the microorganisms isolated in the early period of the infection were 
invariably resistant. 

These findings suggested that following infection in man the antigenic com- - 
position of the hemolytic streptococcus may undergo changes similar to those 
known to occur in the pneumococcus (1) and diphtheria bacillus (2) following 
natural infections with these bacteria. 

Todd (3) and more recently Ward and Lyons (4) have shown that the ability 
of hemolytic streptococci to multiply in normal human blood is a reliable and 
sensitive method for distinguishing different strain variants and for determining 
mouse virulence. Hare (5) has also reported that saprophytic strains of hemo- 
lytic streptococci isolated from the human birth canal can be differentiated 
from pathogenic strains by their susceptibility to the bactericidal action of 
human blood. Furthermore, various workers (6-9) have shown that the type- 
specific M antigen is necessary for the e.xhibition of virulence of group A strepto- 
cocci; and that the presence of this protein antigen characterizes the matt var- 
iant, whereas the glossy variant produces little or no M substance. 

Since previous reports of hemolytic streptococcal variation have been confined 
for the most part to in vitro or animal studies, a similar study was undertaken 
to mvestigate this phenomenon during the natural course of infection inman. 
For this purpose the cultures were obtained at weekly intervals from patients ' 
during the acute, convalescent, and carrier stages of their streptococcal respira- 
tory infections; and the individual strains were subjected to tests for 
their ability to resist the bacteriostatic action of normal human blood and to 
synthesize the type-specific M protein antigen. 
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Experimenlal Methods 

Tlie source of the hemolytic streptococcal strains, methods, and preparation 
of material employed was as follows: — 

Ilemolytk Streptococci. — The streptococcal strains were recovered from nose and throat 
cultures of patients witlj acute hemolytic streptococcal irUections of the upper respiratory 
tract at the time of hospital admission and at weekly intervals thereafter during tiieir hospital 
stay. In some instances streptococci were not found every week during the convalescent 
period. A number of patients received therapeutic doses of sulfadiazine for 7 to 14 days be- 
tween the 2nd and 4th weeks of illness in an effort to clear up their carrier state; several were 
also treated in a similar manner for purulent complications. Since this therapy often failed 
to clear the carrier state, subsequent strains were usually obtained from these patients. 

The culture swabs were streaked immediately in duplicate on fresh 5 per cent rabbit and sheep 
blood agar plates and incubated at 37^C. for IS to 24 hours. Several representative colonies 
of all hemolytic streptococci were picked and streaked on fresh blood agar plates for further 
identification or transferrcrl directly to broth for serological grouping and typing by the pre- 
cipitin method (10, 11). Following isolation and classification, the hemolytic streptococci 
were immediately lyophilized. 

To provide uniform handling and to maintain as nearly as possible the original conditions 
of the culture, each strain was taken from the lyophilized slock and subcultured in 45 cc. of 
Todd-Hewitt broth. Following incubation at 37‘’C. for 16 to IS hours, the streptococci were 
collected by centrifugation, resuspended in 2 cc. of fresh broth, .and distributed in 0.2 cc. por- 
tions into a series of small glass tubes which were kept in the dry COj ice box until used. 

Bactcriostasis of Group .4 Streptococci in Normal Human Blood. — The details of the method 
to determine the capacity of hemolytic streptococci to resist phagocj'tosis and multiply in 
normal human blood have been described (12). In this study no added antibody was em- 
ployed in the bacteriostatic eiporiments. The day before each experiment the tubes con- 
taining the series of strains obtained from a single patient were thawed from tlic frozen state, 
a loopful from each was inoculated into 45 cc. of Todd-Hcwtt broth, and incubated for 10 to 
12 hours in a water bath at 37°C. The streptococcal cells were separated by centrifugation 
and resuspended in the original volume of fresh broth. Tenfold serial dilutions varying from 
10”* through 10”^ were prepared from 1 cc. of each culture for use in the bacteriostatic tests; 
the remainder of the culture was used to prepare the M extracts. 

Titration of Type-Specific M Protein Antigen. — Crude extracts made by heating streptococci 
with hydrochloric acid were prepared as described by Lanceficld (10) from each culture studied 
after removal of a sample for use in the bacteriostatic tests described above. Twofold serial 
dilutions of these extracts in saline were tested with constant amounts of homologous type- 
specific absorbed rabbit antiserum in capillary pipettes as described by Swift, Wilson, and 
Lanceficld (11). The litre of the type-specific M protein antigen was taken as tire highest 
dilution of the extract which gave a positive predpitin reaction with the homologous rabbit 
antisenmi. The group-spedfic C-anti-C reaction was not involved in these titrations, as anti- 
body to the C carbohydrate had been completely removed from the sera by absorption with 
hcterologous-typc group A streptococcal cells. 

EXPERIMENTAL RESULTS 

Resistance of Strains to the Bacteriostatic Action of Normal Human Blood.-— 
Two hundred and fifty-one strains isolated from 54 patients, who suffered 56 
different streptococcal infections, were tested for tlieir ability to resist the 
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of the same serological type were obtame on cu ^ infection 

ing his infection. Although cultures taken during 
were invariably positive for group A streptococci, 

valescence were often negative; and in the case of is 

separated cultures positive for these microorganisms. In 
not possible, therefore, to state the precise time at wh ch the strains began 
lose resistance to the bacteriostatic action o norma oo . 

The strame isolated oh the ioWal eolture taken 
patients’ infections always resisted bactenostasis and ^ 

of the cultnre from 10- through 10-. Sneh strams are 
“highly resUtant Strains termed “resistant” signdy at least a ++ ton 
tion in growth in the 10- dilution as compared with 
of the initial culture; those strains termed “susceptrbte 
ccptible” signify similar diminutions in growth nr the 10- and 
4ectiv.ly Lulls with this test have been highly reproduerble atj we 
believe a ++ growth difference in a single dilution is significant S»me of tte 
“highly suseepLe” strains showed much greater differences and faded to ^w 
in culture diluSons as low as 10-, which is equivalent to the destruction of 100, 
000 streptococcal cells by 0.25 cc. of normal human blood. 

ResisLt strains of streptococci were found thronghout the entire period o 
observation among 33. or 59 per cent of the 56 infections studied. In tiie &st 
part of Table I are recorded the serological types of these resistant strams and 
the last week after infection that each was isolated, which also correspondsto 
the period of observation. Similar data with regard to the strams ^ 
resistance to bacteriostasis are tabulated in Table II. From t ese a i is 
apparent that in 23, or 41 per cent, of the infections the strams showed a pro- 
gressive decrease in resistance. Thus, although the streptococci m the mitial 
cultures were always “highly resistant,” strams from 13 infections changed 
during the period that the patient was studied to “highly susceptible ^ to the 
bacteriostatic action of normal human blood; an additional 8 became suscep- 
tible;” and 2 others became “resistant.” It is also apparent that the time of 
development of this change was variable despite the fact that the exact tune 

the change occurred could not always be ascertained. The change from big y 

resistant” to “resistant” occurred as early as the 2nd week but was frequently 
noted in the 7th or 8th weeks; the change to “susceptible” took place as early 
as the 2nd week and as late as the 19th week; and in half the cases studied in 
which the strains changed to “highly susceptible,” this occurred before the 8th 
week, while in the remainder this degree of change was delayed up to 24 weeks. 
Those strains which showed decreased resistance were not necessarily carried 
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by their hosts longer than the strains which remained fully resistant tobacterio- 
stasis. 

A comparison of the lengtli of time that patients witli persistently resistant 
strains were studied with the time at which susceptibility first became apparent 
in the susceptible strains shows that the former were observed long enough to 

TABLE r 


Duration of Resistance to Baclerioslasis of Group .-i Streptococci Isolated from Patients at 

Weekly Intervals Following Infection* 


Serological 

type 

i 

1 

Straliu miintaining rejlitincet 

Strains losing resistxncei 

No. of 
iafcclioQS 

ObiemUoa period of patients 
nith resistant strains: last irk. in nhich 
streptococci nere isolated 

. No. yf 
infections 

lit irk. in irhich susceptible 
variants appeared 

i 

1 ! 


5 


2,3 

3 j 


5, 11, 13 


3, 16 

5 


7 





10, 26 


3, 5, 6 

12 


4,4 



14 

1 

7 , 

1 

8 

17 



1 

8 

18 

1 

5 



19 

14 

5, 5, 5, 6, 6, 6, 7, 7, 8, 11, 12, 

7 

3, 6, 6, 7, 9, 9, 10 



12, 19, 21 



26 



' 3 

f 7, 19, 21 

29 



1 

4 

30 

3 

4. 7,8 



32 

1 

20 



33 



1 

2 

38 j 

1 

6 

I 

3 

NCll 

3 

5, 18, 20 

1 

2 


* Streptococci not obtained on every culture from each patient. 

f From 33 patients (33 infections) 126 strains isolated at vreekly intervals maintained 
resistance to bacteriostasis throughout observation period. 

§ From 21 patients (23 infections) 125 strains were isolated at weekly inter\’als: Susceptible 
variants first appeared at the times indicated. 

II NC indicates strains not classified with available sera. 

detect such strain variations if thej'- had occurred (Table I). Some of the resist- 
ant strains were carried in the patient’s throat as long as 20 to 26 weeks follow- 
ing the onset of infection, and most of the patients were under observation for 
longer periods than it took for variants to appear m the series in which the 
streptococci became susceptible. This comparison is shown in parallel columns 
in Table I. The majority of the strains which showed lowered resistance de- 
veloped these variants comparatively early: 13 within the first 6 weeks, 9 others 
within 10 weeks, and the remaining 3 within 16, 19, and 21 weeks respectively. 
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TABLE II 


Simns of Group A Slreplococci Losing JHesislance to Bacteriostatic Action- of Normal 

Children’s Blood 


■1 

Bjicteriostaais of 125 streptococcal strains isolated at TrecUy intervala from 21 patients 
following 25 different infections* 


HitUj lesistaatt ^ 

lesist- 

antt 

Susceptlblet 

HisMy suaceptiblet 


Wk. following infection streptococci were isolated 

1 

1.2 


3,4 

6, 7, 8, 9, 10, 11, 12 

1 

1 

2 

3,4,5 


3 

1 



16 

3 

1.2 

3 


4, 5 

6 

1,2,4 


6, 10, 16 

20 

6 

1 


3, 4, 5, 6, 8, 10, 14 


6 

1,2, 3, 4 


5, 6, 7, 9 


14 

1, 2, 3, 4, 0, 6, 7 

8 

9,10 

11 

17 

1,2, 3, 4. 5, 6, 7 

8,15 

17,20 

24, 28, 51, 55 

19 

1 


1 9 


19 

1 

j 

10 


19 

1 

7 



19 

1 


9 


19 

1 



6,7 

19 

1 

3,6 



19 

1,5 



6 

26 

1,2,3 



21 

26 

1, 2, 6, IS 


19,23 


26 

1,2, 3, 4, 5, 6 


7 

8, 14, 19 

29 

1,2,3 



4 

33 

1 



2,4,8 

38 

1 


3,5,7 


NC§ 

1 


2,3 

U 


* Streptococci not obtained on every culture from each patient 

t “Highly resistant” signifies resistance to bacteiiostasis in all dilutions of culture from 
through 10-‘; “resistant” signifies at least a -{-+ diminution in growth in the 10“‘ 
dilution as compared with the corresponding dilution of the initial culture; “susceptible” 
and “highly susceptible”- signify similar diminutions in growth in the lO"* and lO”* dilutions 
respectively. 

} NC indicates strains not classified with available sera. 
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Viiriants were recovered from 9 of 25 patients wJio received therapeutic doses 
of sulfadiazine for 7 to M days in an effort to clear up the carrier state or puru- 
lent complications. From the remaining 16 patients treated with sulfadiazine, 
only resistant strains were isolated. Not only did sulfadiazine treatment fail to 
influence the actual number of variants with decreased resistance, but it ap- 
peared to have no relation to the serological types in which these variants oc- 
curred. Thus 7 of the 9 patients from whom variant strains were obtained were 
infected with type 19 streptococci, one had a type 3, and another a type 26 in- 
fection, Similarly, patients with consistently resistant strains also had in- 
fections with a variety of serological types: 11 had type 19 infections, 2 tjpe 
30, and one each type 6, IS, or 3S infections. 

Although an insufiicient number of strains of the various serological tjpes 
were available to determine whether this variation lias any relationship to the 
tyjie or is characteristic of particular strains, some of the data may be significant 
in this respect. Of the 21 series of type 19 strahis studied, 20 were isolated from 
individual patients who developed scarlet fever in tlie same epidemic (13). 
In 7 of these 20 patients, type 19 variants which proved susceptible to bac- 
teriostasis appeared during convalescence; while from the remaining 13 patients, 
only resistant strains were isolated during the period of observation. Although 
in several other types all the strains were on the contrary alike in resistance or 
susceptibility, the numbers in each type were small: the strains recovered from 
the 3 patients with type 26 infections all developed susceptible variants; and 
only resistant strains were recovered from the 3 patients with type 30 infections 
and the 2 patients infected with type 12 streptococci. In the remaining types 
some strains remained resistant throughout the study of tlie patient and some 
in each serological tj^e encountered became susceptible. Consequent!}'’, no 
correlation could be established between these strain variations and the sero- 
logical types involved. 

Todd and Lancefield (6) have demonstrated that mouse-virulent matt vari- 
ants of group A streptococci can be converted to mouse-avirulent glossy vari- 
ants by repeated subculture in media containing homologous type-specific 
rabbit antisera. It appeared of interest, therefore, to determine whether any 
relation existed between the occurrence of variation among these strains and the 
appearance of type-specific antibodies in the sera of patients from whom the 
streptococci were obtained. In a previous study (14) reported elsewhere, type- 
specific bacteriostatic antibody determinations had been made on tlie sera of 37 
patients whose series of strains were studied in this present investigation. Both 
resistant and susceptible strains were found among patients who developed 
bacteriostatic antibodies: 16 patients had resistant strains and 15 had suscep- 
tible strains. Among the remaining 6 patients with no t}'pe-specific antibody 
response, susceptible variants appeared in every case. It is, therefore, ap- 
parent that there was no correlation between the appearance of susceptible 
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variants and type-specific antibody formation. Moreover, no correlation was 
found between the time of appearance of the variant strains and the formation 
of antibodies, nor was there any relation between the height of the antibody 
response and the degree of variation. Apparently, the variation of these strep- 
tococcal strains cannot be explained by the concomitant appearance of type- 
specific bacteriostatic antibodies. 

Since 23 of the 56 streptococcal infections were followed by complications, 
an attempt was made to ascertain whether there was any correlation between 
the appearance of this variation phenomenon and the development of these 
complications, but no such relationship was found. Of the 23 complicated in- 
fections, strains which showed some degree of variation were recovered from 11 
(3 purulent and 8 rheumatic fever), and only stable strains were isolated from 
the remaining 12 (3 purulent and 9 rheumatic fever). As far as could be deter- 
mined, the complications appeared in all instances before the isolation of the 
variant strains of streptococci. From the 33 remaining infections which were 
uncomplicated, 12 yielded strains which showed variation and 21 yielded strains 
which showed no change. 

Relation of the Type-Specific M Protein Antigen to Baclerioslasis . — In a pre- 
vious study (12) it has been shown that bacteriostatic susceptible variants pro- 
duce less M protein than do the parent resistant strains. To determine whether 
this relationship held in the present study, the 251 strains were also tested for 
their capacity to produce the M protein antigen. From 4 patients (4 infec- 
tions), 17 strains were not included because they did not fall into known sero- 
logical types. From the remaining 50 patients with 52 infections, 234 strains 
of known serological types were tested. In 42 per cent of the 52 infections, 
strains isolated in the convalescent and carrier stages showed an increasing sus- 
ceptibility to bacteriostasis correlated with a progressive loss of M substance; 
whereas in the remaining 58 per cent, resistance to bacteriostasis and the capac- 
ity to produce M protein were maintained throughout the observation period. 

In Table HI are recorded the results of titration for the M protein antigen 
prepared from the highly resistant strain recovered on the initial culture and the 
less resistant strain isolated on the last culture. The streptococcal extracts 
containing M protein antigen were diluted in a twofold serial manner, and 
tested with type-specific absorbed rabbit antisera. The data in Table III re- 
veal that the susceptible variant strain in each series produced less M substance 
by at least a 2-tube dilution difference than did the highly resistant parent 
strain; 4 of the strains showed a 4-tube dilution difference; 5, a 5-tube difference; 
2, a 6-tube and 1, a 7-tube dilution difference. Similar titrations were also 
done on each of the series of stable strains which showed no evident variation, 
but these results are not tabulated because no difference was found in the 
amount of M substance produced by the strains in each respective series. 

From 3 patients (one with a type 14 infection and 2 with type 26 infections). 
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T/VBLE m 

Production of Type-Spccific M Substance of Group A Streptococci Highly Resistant to 
Baclcrioslasis as Compared to Their Susceptible Variants 


Sexological type 

liactcrioxUtic variaat 

Highly reaiilaxit 

Susceptible* 

Wk. isolated 

M titicl 

WV. isolated 

titcet 

1 

1 

1:32 

12 

1:2 

1 

1 

1:8 

5 

l:l 

3 

1 

1:16 

16 

1:4 

3 

1 

1:32 

5 

1:1 

6 

1 

1:32 

20 

1:4 

6 

1 

1:16 

14 

1:2 

6 

1 

1:16 

9 

1:4 

14 

1 

1:32 

11 

0 

17 

1 

1:16 

55 

1:4 

19 

1 

1:32 

9 

1:4 

19 

1 

1:16 

10 

1:4 

19 

1 

1:32 

9 

l:S 

19 

1 

1:64 

7 

l:2 

19 

1 

1:32 

6 

1:2 

19 

1 

1:32 

7 

1:2 

19 

1 

1:64 

6 

1:2 

26 

1 

1:61 

21 

0 

26 

1 

1:64 

23 

1:2 

26 

1 

1:32 

19 

0 

29 

1 

1:32 

4 

1:1 

33 

1 

1:32 

8 

1:2 

38 

1 

1:8 

7 

l.T 


•Indicates variants which show any degree of diminution of resistance from origin*! 
highly resistant strains. 

t Titre signifies highest dilution of type-specific M protein extract whicJi gave a positive 
reaction with homologous rabbit antiserum. 

strains were recovered wliicli were so degraded that no M protein could be 
demonstrated in acid extracts of these variants by the precipitin technique. It 
is possible that others would have become degraded to a similar degree had the 
patients been followed longer. In Tables IV a, W b, and TV c are recorded the 
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degrees of resistance to bacteriostasis and the M litre for every strain isolated 
in series from each of these 3 patients. From Table IV a it is evident that at 
about the 8th week after the onset of a type 14 infection a beginning loss of 
resistance to bacteriostasis occurred but with little apparent variation in M 
protein synthesis; however, during the 9th week, a further decrease in resistance 
to bacteriostasis occurred and for the first time a definite decrease in the litre of 
M was noted. By the 11th week there was little resistance to bacteriostasis 
and no M substance was demonstrable on precipitin test. After 25 passages 
through mice, the capacity of this degraded variant to resist the bacteriostatic 
action of normal human blood and to produce the M protein substance was 
restored to the levels noted on primary isolation. 

From Tables IV 6 and IV c it can be seen that strains degraded to a similar 
degree were recovered from the other 2 patients. Unfortunately the cultures 
taken on one of these patients between the 3rd and 21st week revealed no strep- 
tococci so that the gradual change is not shown in Table IV c. The most de- 
graded variants in these 2 series also regained after mouse passage their capaci- 
ties to elaborate the M substance and to resist the bacteriostatic action of hu- 
man blood. 

The series of strains shown in Table IV c is of .particular interest because 
special means were available for identification of the variant strain, 24 RS50, 
and the original strain, 11 RSSO. This latter strain was unusual in two re- 
spects: It lacked the T antigen found in most type 26 strains; and it had a pecu- 
liar and characteristic T antigen which has so far not been observed in any other 
strain studied in this laboratory. Because after an interval of 18 weeks, during 
which time no group A streptococci were obtainable on serial weekly cultures, 
the group A streptococci recovered from this patient no longer synthesized t3^e 
26 M substance, a special study was undertaken to determine whether the 
peculiar T antigen of the original strain was still present in the later or variant 
strain. These 2 strams were used to immunize respective groups of rabbits, 
and antibodies specific for the peculiar T antigen of the original strain 11 RSSO 
were demonstrated in the sera of both groups of rabbits by direct agglutination 
reactions and specific cross-absorption of the 2 kinds of antisera with the 2 
strains studied. Control absorption tests with type 26 strains, which contained 
the usual T antigen of type 26, failed to remove the T antibodies peculiar to the 
RS50 series of strains. Finding this unusual T antigen in both of these strams 
is additional evidence that the variant strain 24 RSSO was actually a derivative 
of the original strain 11 RSSO isolated from this patient. 

Moreover, by means of agglutination tests with rabbit antisera directed 
toward the type 14 and type 26 T antigens respectively, it was also possible to 
show that the variants listed in Tables IV a and TV b had the same T antigens 
as those in the original strains isolated from each of these patients. 

The degraded variants in these 3 series of strains appear to be relatively stable 



TABLE IV a 


Resistance to Sacteriostasis Correlated with Production of Type-Specific M Protein Antisen by Group A 
Type !■/ Streptococci Isolated from a Palient with Acute Pharynsiiis 


Streptococcal 
strain No. ^ 

Scro- 
logi- 1 
cal 
type 

Wk. 
of j 
infec- 
tion ' 
strain 
iso- 
lated 

Bacteriostasis ot streptococcal strains 

Titration of type-spccific M extract 

Dilution of culture 

Dilution of extract 

10-1 l(f-J to-I JO-4 JO-4 20-4 

1:1 1:2 1:4 1:8 1:16 1:32 1:M 

23 RSSi 

14 

1 

+-}*-}-+ -{-+-1-}' -i-+-f-|- -f-f-f -i"h 

++-i- +++ -hp ++ +P P 0 

24 RSS4 

14 


++++ -f-h-f-f -{“f-f -f-r 

-H-+ +++ PP PP PP P a 

25 RS84 

14 


++++ -h{~h+ -h-i-h-h -h-f-h-h +++ +-f 

PP-{ — (-+-{- -H- +-i- -f-i- + 0 

2d RSS4 

14 


-h-f-f-i- -f-t-f-f -H-+ ++ 

+4+ 444 44 44 44 4 0 

27 RS84 

14 

5 

-f-i-f-i- ++++ -H-++ 4-H-f -f++ +-{- 

444 444 44 44 44 4 0 

28 RS84 

14 


-i-+++ ++-H- -i-f-f-i- -f-H- ++ 

444 4-H- -H- 44 44 4 0 

29 RSS4 

14. 


-l"i-+ -i-i- 

444 4-H- 44 44 44 4 0 

32 RS84 

14 


++++ -H-++ -h++-f -f-f 0 

444 4-H- PP -tP -H- P 0 

33 RSS4 

1 


-h-f-i-f -f-f-f-i- -i"}-sb 9 0 

4-H- 4-H- -H- 4 ± 0 0 

34 RSS4 1 

14 1 

19 

+-{-++ +-i-+-i- -i"f+ -f-+ 0 0 

444 -H-4 -H- 4 ± 0 0 

35 RSS4 

14 

D 

-i-+ 2 0 0 0 0 

0 0 0 0 0 0 Q 

35 RSW/2S/0* 1 

1 

■9 

++++ +-!-++ -i'+'i-i- -i"}--}-!- -f-f-f- +-i- 

444 4-H' -H- 44 44 4 0 . 


In bacteriostasis of strains, degree of gron'th is indicated on a +-r++ to + scale; fewer than 10 colonies are represented 
In arabic numerals; 0 indicates no growth. 

In titration of M antigen, the degree of precipitation is indicated on a ++++ to i scale; Q represents no precipitation. 

* This strain was passed through mice 15 ti mes and regained its capacity to produce the M substance. 


TrVBLE IV b 

Resistance to Bacteriostasis Correlated with Production of Type-Specific .If Protein Aniisen by Group A 
Type Z6 Streptococci Isolated from a Patient with Acute Pharyngitis 


Streptococcal 
strain No. 

Sero- 

logi- 

cal 

type 

\Vk. 

of 

infec- 

tion 

strain 

iso- 

lated 

Bacteriostasis of streptococcal strains 

Titration of type-specific M extract 

Dilution of culture 

Dilution of extract 

io-» icr> lo-* lo-t I0-* I0-* 

1:1 

1:2 

Ui 

1:8 1:16 1:32 1:M 

14 RS15 

26 

1 

-f-{- 

44=fc 

44 

PP 

44 44 

4 

0 

15 RSI5 

26 


4444 4444 44-H- 4444 4-H- 44 

"f-fst: -f-f 

44 44 

4 

0 

16 RSIS 

26 


4444 44-H- 44-H- 4444 444 44 

44 

44 

44 

44 44 

4 

0 

17 RS15 

26 


4444 4444 4-H-4 4-H-4 444 44 

44 

44 

44 

-H- 44 

4 

0 

18 RS15 

26 

5 

-H-44 4444 4444 44-H- 444 44 

44 

44 

44 

44 PP 


d: 

19 RS15 

26 

6 

4444 4444 -H-44 -H-44 -H- 4 

44 

44 

-H- 

44 4 


0 

20 RS15 

26 

7 

4444 4444 4444 4444 4 S 

44 

44 

44 

4± 4 

± 

0 

21 RSIS 

26 

8 

4444 444 44± -f 4 o o 

44 

44 

44 

4 0 

0 

0 

22 RS15 

26 

14 

-i- 7 0 0 0 0 

dz 

0 

0 

0 0 

0 

0 

23 RSIS 

26 

19 

-1- 0 0 0 0 0 

0 

0 

0 

0 0 

0 

0 

23 RS15/2S/0* 

26 


4444 4444 4444 444-1 — f-44 44 

444 444 4-H- 

4444 

4 

0 


Same symbols for bacteriostasis of strains and titration of M antigen as used in Table IV a. 

• This strain iraa passed through mice 25 times and regained its capacity to produce the it substance. 


TABLE IV c 

Resistance to Bacteriostasis Correlated with Production of Type-Specific If Protein Antigen by Group A 


Type 26 Streptococci Isolated from a Patient with Acute Pharyngitis 


streptococcal 
strain No. 

Sero- 

logi- 

cal 

type 

Wt. 

of 

infec- 

tion 

strain 

iso- 

lated 

Bacteriostasis of streptocococcal strains 

Titration of type-specific M extract 

Dilution of culture 

Dilution of extract 

I 10-1 10 -a l(r> lo-* 10 -* Iff-* 


11 RS50 

26 

1 

++++ ++++ ++++ 4-'!“++ +++ 

444 44±44±44 4 4 ± 

12 RS50 

26 

2 

4444 4444 444-i — l-H-4 444 -f-44 

444 444 44 44 4 ± o 

13 RS50 

26 

3 

f—f" 4"+ 

444 444 44 44 4 4 o 

24 RS5Q 

26 

1 

I H — H ? 0 0 0 

0 0 0 0 0 0 0 

24 RS50/21/O*! 

26 


1 4*4-++ ++++ +++ ++ 

444 444 44 44 4 ± . 0 


Same symbols for bacteriostasis ot strains and titration of M outigen as used in Table IV a. 

• This strain was passed through mice 31 times and regained its capacity to produce thellsobstance. 
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aatigenioilly since no evidence of spontaneous reversion to the original state 
has been noted after several years. It may also be noteworthy that only 2 of 
the 3 patients from whom these degraded variants were isolated developed type- 
specific bacteriostatic antibodies following infection. This indicates, as pre- 
viously noted, that the production of type-specific bacteriostatic antibodies 
does not explain the variation. 

The colony morphology was carefully investigated on fresh sheep and rabbit 
blood agar plates to see whether any difference could be observed by this means 
between the bacteriostatic-resistant M-producing parent strain and the de- 
graded bacteriostatic-susceptible non-M-producing variant. No significant 
difference was detected, nor was capsule formation of any help in differentiating 
the 2 variants of the various strains. 

In an attempt to explain the loss of M antigen, the variants which completely 
lost their ability to produce M were repeatedly tested for the production of 
streptococcal proteinase, an extracellular proteolytic enzyme which digests the 
M protein (IS), This proteolytic enzyme could not be demonstrated in cul- 
tures of any of the parent strains or their variants. 

These data show that group A streptococci may lose their capacity to elabo- 
rate the type-specific M protein antigen and become susceptible to the bacterio- 
static action of human blood while the bacteria are residing in the host’s tis- 
sues; but the factor or factors which are responsible for the occurrence of these 
phenomena are still unknown. 


DISCUSSION 

From the evidence presented in this report, it appears that in the course of 
group A streptococcal infections in man, variant strains often occur which are 
characterized by a decreased capacity to produce the tj^e-specific M protein 
antigen, and a concomitant decrease in resistance to the bacteriostatic action 
of normal human blood. This variation occurs gradually over a period of weeks 
during convalescence and the carrier period while the streptococci persist in the 
nasopharyngeal tissues of the host. In the 3 series of strains each characterized 
by the development of variants which lost their capacity to produce the M anti- 
gen, the same T antigen was retained in each instance as that present in the 
stram originally isolated from the patient. These degraded variants are rela- 
tively stable since reversion after numerous subcultures on bacteriological media 
has not occurred; the original capacities, however, to produce the M substance 
and to resist bacteriostasis can be restored by serial mouse passage. Since the 
T antigen was found to be similar in both the variant and original strains, and 
since the M-producing capacity was restored to the variant on mouse passage, 
it appears that these degraded strains were derived from the original strains 
which caused the patient’s infection. 

In seeking an e.xplanation for the variation, it was found that its occurrence 
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was not related to the production of type-specific antibody by the host, nor was 
it dependent on the production by the variants of a proteolytic enzyme (15) 
which is known to destroy the M protein. 

The possibility that the degraded variants were present at aU times during the 
infection and that in convalescence they were selected on culture by cliance 
seems very unlikely; never tireless this must be considered. The fact that mul- 
tiple colonies piclced from a single culture failed to reveal differences in varia- 
tion seems to be against this possibility. Moreover, the gradual and progres- 
sive changes only in tire direction of furtlier degradation also suggest that no 
chance selection occurred. 

The decrease in resistance of streptococcal strains to bacteriostasis by normal 
blood has uniformly been associated with a diminished capacity of the strepto- 
coccal cells to produce the M protein antigen. The M substance, which is prob- 
ably a surface antigen, has been shown to play an important r61e in the e-thi- 
bition of virulence, and in these respects is analogous to the type-specific 
polysaccharide of the pneumococcus. From the evidence at hand it would 
appear that the M protein plays an important part in protecting the strepto- 
coccal cell from phagocytosis by tlie leukocytes of normal blood. In some 
instances the decreased resistance to bacteriostasis was evident before a definite 
decrease in the capacity of the streptococcal cells to produce the M protein could 
be demonstrated. This is probably e.xplained by a difference in the sensitive- 
ness of the two tests: the bacteriostatic test being more sensitive for demon- 
strating a slight loss of the M substance than the precipitin test. 

Although knowledge of the factor or factors which are responsible for the 
occurrence of variation during the natural course of group A streptococcal in- 
fections remains obscure, there is ample evidence to show that this phenomenon 
does occur frequently enough possibly to be of considerable importance from the 
standpoint of preventive medicine. There is some evidence to indicate 
that certain persons harboring hemolytic streptococci are more likely to dissem- 
inate infection than others (16, 17). It is possible that among other factors 
which make one host less dangerous than another is the fact that in some the 
strains may undergo variation with an associated decrease in virulence and in- 
vasiveness. What perhaps is more important is that the majority of strams 
do not lose their capacity to synthesize the M protein for relatively long periods 
after the onset of infection and are therefore potentially dangerous pathogens. 

SUIOIARY 

A study was made of the variation occurring in group A streptococci during 
the natural course of infection in man. From 54 patients with 56 different 
group A streptococcal infections of the upper respiratory tract, 251 strains of 
streptococci, isolated at weekly intervals following infection, were tested for 
their capacity to resist the bacteriostatic action of normal human blood. In 52 
of the infections the streptococci were of recognized serological types and were 
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also tested for variation in their ability to produce the type-specific M protein 
antigen. Strains isolated in the 1st week of infection were uniformly highly 
resistant to bacteriostasis and elaborated large amounts of M substance. In 42 
per cent of the 52 infections, strains isolated in the convalescent and carrier 
stages showed an increasing susceptibility to bacteriostasis correlated with a 
progressive loss of M substance; whereas in the remaining 58 per cent resistance 
to bacteriostasis and the capacity to produce M protein were maintained 
throughout the observation period. 

In 3 different infections, the streptococci became so degraded that no M pro- 
tein could be demonstrated in acid extracts of these variants. Concomitantly 
these strains became highly susceptible to bacteriostasis. Spontaneous rever- 
sion did not occur, but serial mouse passage reestablished these functions. 
These degraded variants had the same T antigen as their respective original 
strains. 

No evidence was obtained that variation of group A streptococci in resistance 
to bacteriostasis or in the ability to produce the type-specific M antigen was 
associated (o) with the appearance of type-specific bacteriostatic antibodies; 
(&) with any particular serolo^cal type of streptococcus; (c) with the produc- 
tion of streptococcal proteinase which digests the M protein; (d) with the thera- 
peutic administration of sulfadiazine; or (e) with the development of complica- 
tions. 

The possible relationship of these observations to the problem of the “dan- 
gerous carrier” of group A hemolytic streptococci is discussed. 
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THE REVERSIBILITY OF THE 0-D TYPE OF INFLUENZA 
VIRUS VARIATION*J 
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It is still a matter of conjecture whether the influenza virus consists of a large 
number of stable but antigenically different strains; or whether that agent is a 
relatively unstable one, the antigenic properties of which are subject to changes 
of an imknown nature. It has been suspected for years by some workers that 
the virus is subject either to variation, or to mutation; and those suspicions 
have been increased by the recent rather sudden appearance of strains which 
differ sharply in antigenic properties from previously recognized strains. The 
potential epidemiological significance of the sudden appearance of variants, 
or mutants, is obvious; but conclusive experimental evidence in support of the 
idea of variation or mutation has been lacking. However, some data have 
been reported; 

Several years ago Burnet and Bull (1) reported that strains of influenza A 
virus may exist in 2 forms, one of which — termed “0” or “original” by those 
authors — agglutinated guinea pig but not chicken erythrocytes; and theother 
of which — termed “D” or “derived” — agglutinated guinea pig and chicken 
erythrocytes to approximately the same degree: the 2 forms differed in tropism; 
the 0 form could be maintained only by amniotic passage of infected chick 
embryo lung and trachea, whereas the D form could be maintained by either 
allantoic or amniotic passage of infected fluids. Those findings (which were 
partially confirmed by Hirst in reports (2, 3) which appeared during the course 
of the present investigation) enhance the evidence presented earlier by Stuart- 
Harris (4) and confirmed by Francis and Moore (5), that the tropism of in- 
fluenza virus is subject to change. 

The data included in the present paper concern the 0-D type of change. 
They are significant from 2 aspects: (I) They indicate that the change is not a 
discontinuous mutation as suggested by Burnet and Bull (1), but is a readily 
reversible variation. (2) They show, quite clearly, that the inability of the 
0 form of virus to agglutinate chicken erythrocytes under usual test conditions 
is a relative phenomenon associated with physical-chemical factors; that under 

* From the Strain Study Center, under the auspices of the Commission on iniiuensa, 
United States Army Epidemiological Board, OlSce of the Surgeon General, United States 
Ahny. 

t Supported in part by a grant from The John and Mary R. JJTarkle Foundation. 
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suitable test conditions the 0 form has an affinity for chicken as well as for 
guinea pig erythrocytes. 


Materials and Methods 

Virus . — ^'fhe \VS (6) strain of influenza A virus was selected because its tropism is known 
to be subject to change: Stuart-Harris (4) showed that a variant with ncurotropic properties 
could be derived from the usual pneumotropic strain, and his findings were confirmed by 
Francis and Moore (5). 

Egg Inoculations . — Amniotic passage was made in eggs containing 11 or 12 day old embryos: 
the shell (cleaned with iodine and alcohol) was removed from the area over the airspace, and 
the chorio-:illantoic membrane exjiosed in order to visualize the amniotic sac and embryo. 
Inoculations were made with 1 inch, 23 gauge hypodermic needles, and the open ends of the 
eggs then were covered with 38 X 20 mm. staining dishes. 

Allantoic passage was performed by inoculating the material beneath the chorio-allantoic 
membrane through a hole in the shell; J of an inch, 20 gauge needles were used; holes were 
scaled with paraffin. 

Passage material contained sufficient penicillin to provide about 200 units per egg. Incu- 
bation was at 35“C. or 37°C. 

In Vitro Methods of Cultivation . — The methods employed were similar to one described 
previously (7). Three sources of cells from embryonated hen’s eggs were utilized, — chorio- 
allantoic membrane, embryo lung, and whole embr>’o. To each 50 ml. Erlenmcyer flask con- 
taining 4 or 4J ml. of saline and 200 units of penicillin, was added appro.-dmately half of a 
chorio-allantoic membrane (from eggs containing 12 to 16 day embrj'os) cut into pieces J to 
1 cm. in size; the minced lungs from several 14 to 16 day old embryos; or approximately J of 
a whole minced 12 to 13 day old embryo. Incubation was at 35°C. 

Hemagglutination . — ^Tests for agglutination of ciythrocytes were made after the method 
described by Hirst (8), jn 10 X 75 mm. precipitin tubes in which the total volume of ingredi- 
ents was 0.6 ml. The degrees of agglutination were determined by the cell patterns on the 
tube bottoms, after the tests had been at room temperature sufiidently long (about 2 hours) 
for the erythrocytes to settle completely; they are recorded as no (0), partial (-}-), and com- 
plete (-1— b) agglutination. 

The erythrocyte suspensions employed were approximately j per cent by volume, prepared 
from thoroughly washed chicken or guinea pig cells obtained ascptically. 

RESULTS 

In preliminary experiments with Mel A and Ian A strains^ we were able to 
confirm the findings of Burnet and Bull (1) concerning the e.xistence of 2 
“phases’’ in a single strain of influenza virus, one of which (O, or original) has 
much greater hemagglutinating activity against guinea pig than against 
chicken erythrocytes, and the other of which (D, or derived) agglutinates the 
erythrocytes of those 2 species to approximately the same degree. 

It was our e.xperience, however, that during selective amniotic passage of 
infected embryo lung and trachea, the O phase might abruptly revert to the 
D phase, or the D might revert to the O. The derivation of either of the 2 forms 
appeared to be haphazard and subject to chance. The D form was the more 

* Received from Dr. F. M. Burnet. 
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dominant of the 2, even when dilute (10~®) infected embryo lung and trachea 
was passaged every 48 hours amniotically (the method by which Burnet and 
Bull (1) mamtained their 0 form). Nevertheless, when a sufficiently large 
number of eggs (10 to 12) was employed in each passage, amniotic passage of 
infected lung resulted, within 4 or 5 passages, in the reversion of the D to the O 
form in one or more amniotic fluids. That is, the 0 and D forms each ap- 
peared to have an inherent capacity to give rise to the other. 

In those preliminary experiments with Mel A and Ian A strains, we obtained 
the 0 phase of the virus only by amniotic passage of infected lung and trachea; 
amniotic passage of allantoic fluid or of chorio-allantoic membrane rather uni- 
formly yielded amniotic fluid which showed the D form of hemagglutination. 
Thus the data are in agreement with the findings of Burnet and Bull that the 0 
and D phases are associated in some manner with different tropisms. 

Derivation of 0 Form of Strain of Virus from Mouse Passage Material . — 
The foregoing experiments indicate clearly that the 0-D change is a reversible 
one and suggest that the O form might be derived from an established labora- 
tory D form strain. The following experiment was made to test this point: 

The WS strain of virus in the form of infected mouse lung which had been preserved in the 
dried state for over 6 years was reconstituted in distilled water and diluted 10“* with infusion 
broth; penicillin was added and 6 eggs containing 12 day old embryos were inoculated, — 
three into the amniotic sac, and three beneath the chorio-allantoic membrane. After 5 days 
at 37°C. lung and trachea from one of the amniotically inoculated eggs was removed and 
ground without abrasive in 2 ml. of sterile distilled water; the resultant suspension was di- 
luted 10~’ with infusion broth, penicillin was added, and a series of eggs containing 12 day old 
embryos was inoculated amniotically. After 4 days at 37°C. the amniotic fluids were tested 
with chicken and guinea pig erythrocytes for hemagglutinating activity, and the embryo 
from the egg, the amniotic fluid of which showed the best O form hemagglutination, was 
selected for passage. The agglutinating capacities of amniotic fluids from 4 such serial pass- 
ages are shown in Table I. 

The data (Table I) show that the WS strain of influenza virus (that previous 
to storage in the dried state had been maintained only in mice for more than 100 
passages) was propagated readily by amniotic passage; and that amniotic 
passage of selected embryo lung and trachea resulted in rapid derivation of the 
0 form from the D. Moreover, they illustrate the suddenness with which 
either form may revert to the other. In passage 2 (actually the first passage 
of infected lung and trachea) the amniotic fluid of one (No. 2) of the 4 eggs in- 
oculated showed marked O form hemagglutination; and on the very next pas- 
sage 7 of the 8 eggs tested showed O form hemagglutination. However, there 
was sudden reversion to the D form on the following passage (No. 4). 

The influence of tropism upon the 0-D change of the WS strain is shown by 
data not included in Table I: during allantoic passage of infected chorio-allan- 
toic membrane, only the D form appeared in the allantoic fluids tested. That 
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TABLE I 

Derivation cj the 0 Phase o] the Strain of Injluensa Virus by Means of Amniotic Passage 

of Infected Embryo Lung and Trachea 
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TABLE I — Concluded 
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++, complete agglutiaation; +, partial agglutinatioa- 0, no agglutination. 
* ch, chicken erythrocytes; gp, guinea pig erythrocytes, 
t Egg from which passage material (embryo lung and trachea) was taken. 


is, theD form was propagated by both methods tested, but the O form occurred 
only following araniotic passage of infected embryo lung and trachea. 

Derivalion of 0 from D phase Virus by in Vitro Cultivation with Cells of the 
Chorio- Allantoic Membrane. — ^The following experiment was made to determine 
the influence of in vitro cultivation with cells of a single variety upon propaga- 
tion of the O and D forms. 

Two series of cultures were started: O phase WS strain of virus that had been derived by 
selective amniotic passage of infected embryo lung, was passaged in flasks containing minced 
embryo lung; and D phase virus that had been maintained by allantoic passage of infected 
chorio-allantoic membrane, was passaged in flasks containing chorio-allantoic membrane. 
The virus survived no more than 3 or 4 transfers in flasks containing embryo lung but was 
propagated readily in flasks containing chorio-allantoic membrane. Minced whole chick 
embryo was substituted for embryo lung, and 2 series of cultures were maintained with cells 
from both sources (chorio-allantoic membrane and whole embryo). In one series, transfers 
were made every 24 hours with 1 ml. of undiluted supernatant fluid (f.e., the virus suspension 
was diluted f on each transfer) ; in the other series, transfers were made every 48 hours with 
0.5 ml. of 10~* dilution of supernatant fluid (i.e., the virus suspension was diluted 10"* on 
each transfer). 

The results of the experiments were surprising in that many supernatant 
fluids from the in vitro chorio-allantoic membrane cultures agglutinated guinea 
pig erythrocytes much more readily than chicken erythrocytes (0 form hemag- 
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glulinalion). Furtlicmiore, allantoic fluids from many eggs moculated al- 
lantoically with fluids from the in vitro chorio-allantoic membrane cultures 
exhibited clear-cut 0 form hemagglutination. 

Table II includes the results of tests for agglutination of chicken and guinea 
pig erythrocytes by allantoic fluids from eggs which had been inoculated with 
supernatant fluids from one group of in vitro cultures of WS strain of virus: 
in one series (24 hour passage) the cultures had been tlirough 35 serial transfers, 
and in the other (48 hour passage) through 20 serial transfers. The left hand 
column (table II) shows the source of cells employed in the in vitro cultures 
from which the inoculation fluids had been obtained, and the dilution of these 
culture fluids witli which the respective test eggs had been inoculated. It is 
clear (Table II) that the 0 form of the WS strain of virus appeared in allantoic 
fluids from eggs inoculated with fluids from cultures containing cells of the 
chorio-aUantoic membrane, perhaps even more frequently than in the allantoic 
fluids from eggs inoculated with fluids from cultures containing minced embryo. 
The 0 phase hemagglutination is especially evident in tests with allantoic 
fluids 1, 7, 8, 9, 10, 20, and 26 (Table II). 

It is of interest that in this particular group of tests, the 0 form hemag- 
glutination occurred more frequently with allantoic fluids of eggs inoculated 
with the various dilutions of fluids from both the 48 hour (10~* dilution) passage 
cultures than with those from eggs inoculated with fluids from the 24 hour 
(1/5 dilution) passage cultures. That point supports the data of Burnet and 
Bull (1) that the D phase of the virus occurs considerably less frequently but 
multiplies more rapidly than the O phase. It should be noted, however, tliat 
Burnet and Bull failed to obtain O phase virus after repeated passage of con- 
centrated virus suspensions; whereas in the present e.xperhnent O phase virus 
occurred in allantoic fluid 1 (Table II) which was from an egg inoculated with 
undiluted supernatant fluid from the 35th, 24 hour passage, each passage of 
which represented only a 1-5 dilution of virus suspension. That fact clearly 
emphasizes the inherent O phase trait within the D phase virus. 

Durmg the present and other tests, we frequently encountered fluids which 
produced rather clear-cut agglutination of guinea pig erydirocytes, but which 
produced partial agglutination of chicken erythrocytes. That partial ag- 
glutination of chicken cells was fluffy in appearance and the agglutination end- 
point was difficult to determine; presumably, it was similar to that recently 
described by Hirst (3). Agglutination of that kind is indicated by an asterisk 
in Table II. In the tests included in Table II similar fluffy agglutination some- 
times occurred with guinea pig erythrocytes, but whenever it did occur it did 
so in tests with the more concentrated allantoic fluid, — indicating uiliibition of 
the agglutination. Such inhibition of agglutination of guinea pig erythrocytes 
is evident in tests with allantoic fluids 1, 10, 14, 21, and 22. The peculiar 
nature, in some instances, of chicken erythrocyte agglutination and tire sug- 
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TABLE n 

Bemaggluitnalion by Allantoic Fluids from Eggs Inoculated with IF5 Strain of Virus 

Cultivated in Vitro 
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TABLE ll— Concluded. 
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f Agglutination of a peculiar “fluffy” appearance. 














THOMAS P. MAGILL AKH JOHN Y. SUGG 


543 


gested inhibition of guinea pig erythrocyte agglutination aroused the suspicion 
that the 0 form of hemagglutination might be associated with agglutination 
inhibition by substances present in the test system. 

Change of 0 Form Hemagglutination to the D Form by Means of Adjustment of 
the pH of the System. — ^In a previous report (9) we showed that the failure of the 
WS strain of influenza A virus to agglutinate sheep erythrocytes imder usual 

TABLE ni 

0 Fhase Hemagglutination Changed to D Phase iy Adjustment of the pE of the System 
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* AUaatoic fluids same as those (of same number) included in Table H. 
J ch, chicken erythrocytes; gp, guinea pig erythrocytes. 

§ Buffer, McIIvaine phosphate-dtric add. 


test conditions was due, not to a lack of affinity of the virus for erythrocytes, 
but rather to factors in the test system which inhibited agglutination; and when 
those factors were controlled, the virus readily agglutinated sheep erythrocytes. 
In view of those findings, the indications that the 0 form hemagglutination 
might be associated with inhibition, suggested that those inhibitory substances 
might also be controlled through adjustment of the pH of the test ^stem. The 
following experiment was made to test this point: 

Theallantoicfluids listed in Table II, which showed themost marked Ophase 
hemagglutination were tested in 2 series. One series of tests was made in the 
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usual manner with 0.2 ml. quantities of allantoic fluid (diluted in saline), 
saline, and erythrocytes (suspended in saline). The other series differed 
in that one volume of buffer replaced the volume of saline. The buffer 
used was Mcllvaine’s phosphate-citric acid (10); it was selected because we 
have found it to be superior to phosphate, and to acetate buffers for the pur- 
pose. The selection of pH 5.6 was made because in unpublished e.xperiments 
we have found that, with appropriate suspensions of strains of influenza A 
virus, agglutination of chicken erythrocytes was influenced to a considerable 
degree by the pH of the test system ; agglutination was best at pH 5.6. 

Table III includes the results of the 2 series of tests. The data show in a 
rather striking manner that when tested under usual conditions, the allantoic 
fluids caused little or no agglutination of chicken erythrocytes but rather 
marked (3®) agglutination of guinea pig erythrocytes. But when the pH of the 
test system was adjusted to pH 5.6 (Mcllvaine’s buffer), the same allantoic 
fluids agglutinated the same 2 erythrocyte suspensions to approximately the 
same degree. 


DISCUSSION 

The 0-D type of change in characteristics of strains of influenza virus, de- 
scribed by Burnet and Bull (1), is important because it furnishes additional 
evidence that the influenza virus is not a stable agent. Although such evidence 
does not contribute directly to our knowledge concerning antigenic differences 
among strains of influenza virus, it does sustain the suspicion tliat the existence 
of so many antigenicaUy related but different strains may be the result of vari- 
ability of the virus. Burnet and Bull (1) concluded that the change is a dis- 
continuous mutation and indicated it graphically as O— >D, obviously inferring 
that it occurs in but one direction. The title and content of their paper in- 
dicate tliat the change is the result of adaptation. The present data indicate 
that the 0-D change is not a discontinuous mutation effected by adaptation; 
but rather that it is a reversible phenomenon and is associated with charac- 
teristics which seem to be inherent in the virus particle. 

It might be questioned whether the O phase virus was derived from D phase 
virus in the present e.xperiments or whether the emergence of the 0 phase sus- 
pensions was the result of multiplication of a few 0 phase particles that had 
persisted. Obviously, that question cannot be settled with certainty because 
methods analogous to plating of bacteria are not available, by which growtli 
from a single virus particle may be obtained. However, in the event that the 
reversion of D to O had been the result of growth from a few O particles, the 
change should have been a progressive replacement of the D by the 0. But 
such was not the case. The emergence of the O phase was rather sudden and 
quite haphazard. The haphazard occurrence of the 0 form of virus agrees 
with the observation of Hirst (3) that the O form occurred m only a few embryos 



THOMAS P. MAGILL AND JOHN Y. SUGG 


545 


out of many inoculated. The abrupt and unpredictable manner in which the 
0 or D form appeared following inoculation of either form, strongly suggests 
that both are inherent characteristics of the virus particle,— perhaps of a 
genetic-like nature. In that respect, it is of interest that Francis and Moore 
(5) concluded that the pneumotropic-neurotropic variation of the WS strain 
also was a characteristic inherent in the virus particle. 

Tropism seems to he of importance in the 0-D phenomenon, but its e.xact role 
is not clear. The present data agree with those of Burnet and Bull (1) that 
allantoic passage rather uniformly yields allantoic fluid in which the D form 
dominates, whereas amniotic passage of infected embryo lung and trachea may 
yield amniotic fluid in which either the O or D form may dominate. The D 
form thus appears to be less fastidious than the 0. However, the present ex- 
periments with ill vitro cultures show that the 0 form does multiply in cells 
of the chorio-allantoic membrane. 

The demonstration that allantoic fluids which under usual test conditions 
exhibit 0 form hemagglutination, may be made to exhibit hemagglutination of 
the D form merely by adjustment of the pH of the system is of interest from 
the "viewpoint of the mechanism of virus hemagglutination. It does not alter 
the significance of the O-D variation as such. But, it does suggest that the 
failure of 0 form virus to agglutinate chicken erythrocytes is analogous to the 
failure of some strains of influenza A virus to agglutinate sheep erythrocytes 
(9). In both instances it appears that substances present in allantoic fluid 
render the test system unsuitable for hemagglutination; but when the systems 
are adjusted with phosphate-citric acid buffer, agglutination of erythrocytes 
readily occurs. 


SUMMARY 

Data are presented which enhance the idea that the influenza virus is an 
unstable agent. They indicate that the O-D type of variation is not a dis- 
continuous mutation but rather is a reversible phenomenon. The O and the D 
forms of virus both appear to be inherent in the virus particle; the dominance 
of one or the other form seems to be subject to chance occurrences, but is 
influenced by the conditions under which the virus is propagated. 

The capacity of the O form of virus to agglutinate guinea pig but not chicken 
erythrocytes is a relative, not an absolute phenomenon; allantoic fluids which 
exhibit clear-cut 0 form hemagglutination may be made to exhibit D form 
merely by addition of suitable buffer to the test system. That point is of im- 
portance from the -viewpoint of the mechanism of influenza virus hemagglutina- 
tion. 
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Themain thesis of this paper is the “dynamic equilibrium” between body pro- 
tein and plasma protein. A steady state or balance exists between the body 
protein stores, protein wear and tear, and protein production. Protein produc- 
tion includes the plasma proteins which probably represent the largest fraction 
of new formed protein. Body protein reserve stores are largely intracellular. 
We believe the plasma proteins are the means of a fluid interchange between 
reserve stores and the organ cells in which protein is produced, modified, and 
utilized in the body economy. The term “protein pool” suggests this fluid ex- 
change within the body. 

Earlier experiments in this laboratory showed that plasma protein as plasma 
as the sole source of protein given by vein could maintain nitrogen equilibrium 
for 2 to 4 weeks (3, 11, 13). The last report (3) showed evidence of some “in- 
toMcation” which developed in two of these e.xperiments. An attempt to re- 
produce this “intoxication” in the experiments tabulated below was not suc- 
cessful, and we are inclined to explain the “intoxications” previously described 
as due to contaminated plasma or vitamin deficiency or both. The experiments 
given below are quite satisfactory and diet deficiencies were guarded against. 
The plasma was handled with more complete asepsis so we conclude that “in- 
toxication” as described (3) is not an inevitable part of the experiment when 
large volumes of dog plasma are givenparenterally. 

In several experiments in other series at various intervals the dog’s circulat- 
ing plasma was fractionated and various elements estimated after the paren- 
teral injection of plasma had been started — e.g., fibrinogen, globulins, albumins 
using coagulation, chenucal methods, and electrophoretic technique. No uni- 
form deviation from the normal plasma protein pattern was observed. De- 
pleted dogs have a tendency to show some increase in globulins at the expense 
of albumins. It seems to us that the behavior of fibrinogen is a very good illus- 
tration of the fact that long continued plasma given over months does 
not modify significantly the level of any plasma protein in the circulation. 
Fibrinogen is a very special protein used in the body for the production of blood 
clots. Yet obviously it is used in the body economy presumably within cells to 
supply special cell needs (other than coagulation) since otherwise the fibrinogen 
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would accumulate*. This is true of all blood plasma proteins, the evidence being 
conclusive that all these various plasma proteins do serve the purpose of body 
cell protein replacement. 

There have been differences of opinion 01-6) relative to the type of e.tperi- 
ment here described. In certain c.Tperiments (6) there was evidence of primary 
nitrogen retention and subsequent nitrogen e.xcess excretion. We believe this 
reaction was due to the citrate used to collect plasma and that the use of heparin 
will give the response tabulated below. Some writers have criticized our early 
e-xperiraents as being too short — that the plasma proteins were simply tucked 
away as inert protein in body tissues to be released in the after period. These 
objections are surely met by continued experiments of 2 to 3 months in which 
the dog was maintained in nitrogen and weight balance and in a state of lively 
well being all this time. 

These e.xperimcnts are not easy and call for meticulous technique, dogs con- 
ditioned to unusual food mixtures (very low protein diet), freedom from infec- 
tion, and attention to all diet factors. Peritoneal absorption of plasma is rapid 
and in some instances less disturbing to the dog tJian intravenous injection. It 
obviates some rapid blood volume fluctuations. 

Methods 

Plasma was obtained from a colony of 10 large hcaltliy donor dogs maintained on kitdien 
scraps to which a tablespoon of powdered leitron (Eli Lilly and Co.) was occasionally added. 
(Lextron is a liver extract plus iron.) Blood was drawn into sterile flasks containing sufficient 
heparin to prevent dotting. The blood was poured into sterile rubber-capped 100 cc. centrifuge 
tubes and spun at high speed for 20 to 30 minutes. The plasma was suctioned off into a sterile 
flask, and after tliorough mixing an aliquot was taken for Kjddahl analysis. The remainder 
was placed in a sterile gravity injection bottle and the plasma was administered immediately 
in a single intravenous or intraperitoneal injection each day. The time for administration 
varied from 10 to 20 minutes. 

The two redpient dogs were adult healtliy mongrel females under observation in the ex- 
- perimental colony for years. (See e,xperimental histories below for details.) During the 
experiment the dogs were kept in gaU-anized iron metabolism cages in tlic laboratory under 
constant supervision, with access to water at all times. Before the initial dose of plasma was 
given in each experiment, the red cells of the redpient dog were cross-matched with tlie serum 
or plasma of each donor dog to exdude isoagglutinins and isohemolysins (IS). 

Blood for analysis was placed in graduated centrifuge tubes, using 1 cc. of a 1.4 per cent 
solution of sodium oxalate as an anticoagulant. This was centrifuged at high speed for 30 
rhinutes and the total nitrogen in the plasma determined by macro Kjeldahl analysis using 
I cc. samples of plasma in triplicate. The usual factor 6.25 was used to convert to grams of 
protein. Because hematuria was encountered early in the first experiment, the procedure of 
catlreterization at the end of eadi period was discontinued and the periods were terminated 
simply by changing collection bottles containing 5 cc. of toluene as a preservative every 43 
hours. . The total urinary nitrogen was determined by macro Kjeldahl analysis using 2 cc. 
aliquots in triplicate. Urea and ammonia nitrogen were determined simultaneously by aera- 
tion following digestion witli urease using 2 cc. samples in duplicate. The amoimt of protein 
nitrogen in the urine was determined by precipitation of the protein in 10 cc. of urine by 90 cc. 
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of 5 per cent trichloracetic acid. In the first half of the first experiment, the filtrate was 
analyzed to determine the non-protein nitrogen content of the urine, and the urinary protein 
nitrogen arrived at by difference. Because of the possibility of magnification of small errors 
by this procedure, all subsequent determinations represent total nitrogen analyses of the urinary 
protein precipitated and collected on filter paper. 

The dogs received only 50 gm. of glucose dissolved in 200 cc. water by stomach tube daily 
except during the periods when they received a very low protein diet as indicated in the tables. 

The very low protein diet contained 0.012 per cent nitrogen and was made as follows : Sucrose 
2600 gm., bone ash 78 gm., salt mixture 78 gm., liver powder, (Lilly Bi) 26 gm., powdered 
yeast (type 200-B) 26 gm. The above ingredients were thoroughly mixed, and then the 
following was added in portions, mixing thoroughly mth each addition: Mazola oil 235 gm., 
cod liver oil 50 gm., lard (melted) 490 gm. Final mixing was done until the mass was homo- 
genenous. The salt mixture was Wesson’s modification of the Osbome-Mendel mixture (17). 

Whenever the dogs received this low protein diet, 25 mg. of nicotinic acid and 200 mg. of 
choline were added daily as a vitamin supplement. The total N content of the casein used 
was determined accurately by macro Kjeldahl analysis (13.1 per cent). The figures in the 
tables represent the calculated nitrogen intake from all possible sources including casein, 
vitamins, and low protein diet. All sources of nitrogen are accounted in the Summary Table. 

Special vitamin mixture — each 10 cc. daily dose contained: Vitamin A 5,000 tr.s.P. units, 
thiamin hydrochloride 6.0 mg., riboflavin 6.0 mg., pyridoxine hydrochloride 5.0 mg., calcium 
pantothenate 5.0 mg., nicotinamide 50.0 mg., inisotol 200.0 mg., paraminobenzoic acid 50.0 
mg., ascorbic acid 50.0 mg., 2-methyl-l, 4-naphthoquinone 1.0 mg., vitamin D 500 u.S.p. 
units, rice polish concentrate 1.0 mg., linoleic acid 500.0 mg., choline chloride or citrate 400.0 
mg., distilled natural tocopherols 50.0 mg. The emulsifying agent was pectin (supplied to 
this laboratory by Eli Lilly and Co.). Kjeldahl analysis showed this material to contain 74 
mg. N in each daily dose. Whenever this mixture was added to the glucose solution for 
administration by stomach tube, the extra nitrogen appears in the tables under Diet, Total N 

EXPERIMENTAL OBSERVATIONS 

Tables 1 and 1-concluded give all the experimentaldata relating to the longest 
experiment with intravenous injections of normal dog plasma. Following a 
fasting period of 2 days, dog 43-346 was given only 50 gm. of glucose by stomach 
tube daily for 10 days. This allowed the nitrogen equilibrium to reach a base 
line level. The urinary protein nitrogen in the first two periods represents a 
gross hematuria caused by catheterization which promptly disappeared when 
this procedure was discontinued. 

The base line total urinary nitrogen (periods 2 and 3 of Table 1) is about 7 gm. 
per 4 days. During periods 4, 5, and 6 the total urinary nitrogen is below 6 gm. 
per 4 day period in spite of plasma protein parenterally (8.5 to 9.8 gm. per 
period). This represents a positive urinary nitrogen balance of 10.5 gm., due 
in part perhaps to a repletion of reserve protein stores. In period 9 we note a 
urinary nitrogen of 12.4 gm. but about 2 gm. belong to period 8 due to urinary 
carry over. 

The non-protein diet replacing the sugar brings the urinary nitrogen back to 
its base line fasting level or below and there is a strong positive N balance. 
Weight gain is observed (periods 11 to 17). The urea and ammonia fraction of 
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the virinary nitrogen (Tal)le 1) shows no unusual change and is compatible with 
a frugal metabolism of body protein. Some of the irregularities of the urinar}' 
nitrogen figures are due to residual urine because catheterization was contra- 
indicated. 

The second interval (Table 1-concluded) of sugar by mouth and parenteral 
plasma (periods 18 to 27) docs not show as complete nitrogen conservation for 
these 40 days as was observed iir the first comparable interval (periods 4 to 10). 
There is a negative urinary nitrogen balance of 4.3 gm. — the weight loss is the 
same as in periods 4 to 10. During this second interv'al there is a continuous 
albuminuria (total 6.1 gm. urinary protein N). Undetermined nitrogen re- 
mains unchanged. These factors are probably related (urinary protein and 
slight negative urinary nitrogen balance), and explain in part the less efficient 
protein conservation; also the protein stores are probably repleted in the 
presence of the hyperproteinemia of 10 to 11 gm. per cent. When the paren- 
teral plasma protein is replaced by casein by mouth the proteinuria promptly 


T.\BLE 1 

Plasma Parcnlerally Plus Su^ar by Mouth 

Dog 43-346 


Period 

No. 

4 days 

Diet 
Total N 

Plasma 
injected 
Total N 

Toial 

Urinary nit 

Urea plus 
ammonia 

rogen 

Undeter- 

mined 

Urinary 

protein 

Blood 

plasma 

concen- 

tratioa 

Weis lit 

Urinary 

N 

balance 


tm. 

tm. 

tm. 

rra. 

per 

<ent 

tm. 

tm. 

cm. pir 
cent 

if. 

tm. 

1 



8.77 

5.91 

67.4 


1.46 


9.6 

-8.77 

2 



7.09 

5.18 

73.1 

1.15 

0.36 



-7.09 

3* 



3.62 

2.81 

77.4 


0 

8.17 

8.6 

-3.62 

4 


9.79 

5.98 

4,77 

79.6 

1.21 

0 



3.81 

5 


8.57 

5.51 

4.45 

80.8 


0 

9.90 


3.06 

6 


9.56 

5.91 

4.79 

81.1 

1.12 

0 

10.40 

8.2 

3.65 

7 


7.88 

7.63 

6.36 

86.4 

1.16 

0.11 



0.25 

8 


9.65 

7.17 

5.75 

80.2 


0.56 


8.1 

2.48 

9 


10.16 

12.41 

9.46 

76.1 

1.17 

1.81 



-2.25 

10* 


4.47 


3.72 

73.5 


0.83 

9.99 

7.6 

-0.59 

Non-pro teia diet begins; sugar ends 

11 

IP 

8.60 

7.49 

4.93 

66.0 

1.02 

1.34 



1.26 

12 

119 ' 

7.43 

6.53 

4.82 

73.7 

1.15 



8.1 

1.05 

13 

0.15 

9.97 

5.42 

4.20 

77.5 

mwm 

0.32 

9.34 

8.4 

4.70 

14 

0.15 

8.95 

6.49 

4.76 

73.3 

1.37 

0.36 



2.61 

15 

0.15 

9.69 

7.35 

5.67 

77.2 

1.08 

0.60 


8.4 

2.49 

16 

0.15 

9.41 

6.11 

4.66 

76.3 

1.04 

0.41 

9.85 

9.0 

3.45 

17* 

0.08 

4.21 

4.11 

3.29 

80.0 




8.9 

mm 


* 2 day periods. 
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TABLE 1— Concluded 


Plasma Injections Plus Sugar by Moulh 
Proteinuria Disappears When Plasma Injections Cease 

Dog 43-346 


Period 

No. 

4 days 

Diet 
Total N 

Plasma 
injected 
Total N 

Urinary nitrogen 

Blood 

plasma 

concen- 

tration 

Weiglit 

Urinary 

N 

balance 

ToUl 

Urea plus 
ammonia 

Undeter- 

mined 

Urinary 

protein 


fm. 

im. 

tm. 

zm. 

per 

cent 

r«. 

zm. 

gm. per 
cent 

fee. 

gm. 

18 


9.17 

8.24 

6.89 

83.6 

1.17 

0.18 

9.86 

8.5 

0.93 

19 


8.56 

10.00 

8.14 

81.4 

1.36 

0.50 

10.35 


-1.44 

20 


9.43 

7.98 

7.03 

88.1 

0.67 

0.28 

10.54 

8.3 

1.45 

21 


S.SO 

10.05 

8.18 

81.4 

1.18 

0.69 

10.67 


-1.55 

22 


8.69 

8.41 

6.94 

82.5 

0.99 

0.48 

11.46 

7.8 

0.28 

23 


8.44 

9.95 

7.77 

78.0 

1.28 


9.26 


-1.51 

24 


8.27 

8.06 

6.71 


0.88 

0.47 



0.21 

25 


8.52 

8.34 

6.75 

81.0 

0.79 

0.80 

11.00 

7.4 

0.18 

26 


8.34 

10.65 

8.19 

76.8 

1.50 

1.16 

11.24 


-2.31 

27 


8.38 

8.89 

7.11 


1.08 

0.70 



-0.51 


Casein plus non-protein diet begin, plasma injections end 


28 

6.00 

1 

6.66 

Bi 


1.20 

0.30 


IH 

■B 

29 

6.00 


7.30 


mi 

1.42 

trace 



Mm 

30 

6.00 


4.23 



1.21 

0 

7.84 

7.8 

Bi 


Total figures given under Experimental observations. 


clears, indicating no renal injury, and the urinary nitrogen decreases. There is 
a suggestion here that the utilization of parenteral plasma protein has a ceiling 
beyond which the body cannot use as efficiently this available plasma protein. 
The renal threshold for plasma protein is probably a part of this limitation 
of internal protein metabolism. 

The total volume of plasma injected was 19,173 cc. in 92 days, averaging 208 
cc. per day. During periods 4, 5, 7, and 8, the plasma was given intraperitone- 
ally without reaction. Slight diarrhea occurred on only one day, which did not 
duplicate the troublesome diarrhea reported in previous experiments in this 
laboratory (13). 

The total amount of nitrogen injected in this experiment (Table 1, periods 4 to 
27 inclusive) was 204.63 gm. averaging 2.22 gm. per day. The total urinary 
output of nitrogen durmg this 92 day period was 183.54 gm. averaging 2.0 gm. 
per day. If we assume 0.2 gm. N is lost daily in the feces, the dog would still 
be in positive nitrogen equilibrium for the over-all period. (See Summary 
Table.) 

The proteinuria noted after the 14th day of plasma injections is a 
phenomenon to be discussed in detoil in a subsequent paper. Suffice it to say 
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here ti)at protein appears in the urine quite regularly in our dogs whenever the 
protein stores are rcpleted and the circulating plasma protein concentration is 
greater than 9.5 gm. per cent. Dogs may show some individual variations in 
the appearance and the severity of the proteinuria. This proteinuria disap- 
peared quite promptly when the plasma injections were discontinued,indicat- 
ing lack of kidney injury. 

During the intervals when the entire caloric intake of the dog was represented 
by only plasma and glucose, she lost weight at a rate closely approximating the 
expected weight loss if the c.xtra calorics needed for the dog’s daily nutrition 
camefromher own body fat. During the second part of Tablel, periodsll to 
17, the dog received adequate calories in the form of a very low protein diet 
(145 gm. daily of the mixture described under Methods). A gain in weight 
resulted. 

The other two e.xperiments were run simultaneously and the pooled plasma 
from each day’s bleeding of the donor dogs was divided between the recipient 
dogs. 

Dog 43-346 (Table 2) received a total of 18,090 cc. of plasma in 76 
days averaging 238 cc. per day. The total amount of nitrogen injected in this 
experiment was 177.66 gra. averaging 2.34 gm. N per day. The total urhiaiy 
output of N was 153.62 gm. averaging 2.02 gm. N per day. By assuming a 

T.VBLE 2 

Plasma Intravenously; Sugar by Mottlh 


Dog 43-346 


Period 
No. 
i days 

Diet 
Total N 

Plasma 
injected 
Total N 

Total 

Urinary nit 

Urea plus 
ammonia 

rogcQ 

Undeter- 

mined 

Urinary 

protein 

Blood 

plasma 

concen- 

tration 

Weight 

Urinary 

N 

batance 


tm. 

tm. 

fW. 

xm. 

per 

cent 

zm. 

tm. 


ks. 

tm. 

1 


0 

7.89 

6.29 

79.8 

1.60 

0 



-7.89 

2 


0 

9.15 

7.46 

81.6 

1.69 

0 



-9.15 

3 


0 

5.93 

4.30 

72.6 

1.63 

0 


10.1 

-5.93 

4 


0 

5.01 

4.41 

88.1 

1.10 

0 

6.17 

9.8 

-5.01 

S 


7.54 

4.74 

3.55 

74.9 

1.15 

0 

7.18 

9.9 

2.80 

6 


7.90 

3.75. 

2.76 

73.7 


0 

8.70 

9.9 

4.15 

7 


6.49 

4.87 

3.84 

78.8 


0 

9.27 

9,8 

1.62 

8 


7.54 

6.02 

4.76 

79.0 

1.26 

0 

9.07 

9.6 

1.52 

9 


7.24 

6.17 

5.01 

81.2 

1.16 

Trace 

9.57 


1.08 

10 


8.01 

3.74* 

3.14 

84.0 


0 

9.85 


4.27 

11 


9.23 

10.56 

9.00 

85.2 

1.44 


10.28 


-1.33 

12 


9.56 

9.62 

7.78 

80.9 

1.39. 


9.98 

9.0 

-0.06 

13 

0.3 

9.61 

8.94 

7.51 

84.0 

1.11 

0.26 

10.03 

9.0 

0.97 

14 


10.07 

9.90 

7.17 

72.4 

1.25 

0.48 

10.55 

8.9 

0.47 


♦Vomiting. 
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TABLE 2 — Concluded 

Plasma Intraperitoneally; Sugar Phis Vitamins by Mouth 
Dog 43-346 


Period 
No. 
t days 

Diet 
Total N 

Plasma 
iniected 
Total N 

Urinary mtrogen 

Blood 

plasma 


Uriniry 

N 

btUnce 

ToUl 

Urea plus 
ammonia 

Undeter- 

mined 

Urinary 

protein 

concen- 

tration 




xm. 

tm. 

xm. 

per 

cent 

tm. 

xm. 

xm. per 
cent 


im. 

15 

0.3 

7.57* 

9.82 

6.53 

66.5 

0.89 

2.40f 

10.22 

8.7 

-1.95 

16 

0.3 


8,03 

6.57 

81.8 

1.07 

0.39 

10.10 

8.7 

2.07 

17 

0.3 


7.89 

6.42 

81.4 

1.04 

0.43 

10.30 

8.9 

3.48 

18 

0.3 

12.33 

8.09 

6.84 

84.6 

0.73 

0.52 

10.40 

8.8 

4.64 

19 

0.3 

10.31 

9.29 

7.33 

78.9 

0.97 

0.99 

11.02 

8.5 

1.32 

20 

0.3 


10.29 

7.52 

73.1 

0.98 

1.79 

10.98 

8.3 

0.92 

21 

0.3 

10.07 

12.38 

9.08 

73.4 

1.19 

2.11 

10.75 

8.2 

-2.01 

22 

0.3 


10.86 

7.75 

71.4 

0.85 

2.26 

10.90 

8.0 

0.42 

23 

0.3 

11.53 

9.66 

6.71 

69.5 

1.27 

1.68 

10.78 

7.8 

2.17 


Plasma and sugar cease; casein plus non-protein diet begin 


24 

8.00 


10.37 

7.68 

74.1 

IB 

1.41 

10.10 

8.0 

-2.37 

25 

8.00 1 


8.52 

6.87 

80.6 


0.50 

8.67 

8.0 

-0.52 

26 

8.00 


8.25 

7.00 

84.6 

1 


0.12 

7.38 

7.8 

-0.25 


* Does not include 2.4 gm. injected into bladder, 
t Plasma given by mistake into bladder. 


total fecal nitrogen of 15.20 gm. for the same period, the dog again remained in 
nitrogen equilibrium. (See Summary Table.) 

Bog 44-98 (Table 3) received 18,350 cc. of plasma averaging 241 cc. per day. 
The total nitrogen injected was 180.29 gm. averaging 2.37 gm. N per day. The 
total urinary output in this same period was 167.65 gm. N. If the fecal nitro- 
gen is estimated at 15.2 gm., the total nitrogen output is 182.85 gm. Since this 
dog received 48.1 gm. of N from casein and vitamins during the last 6 periods of 
plasma injection, she was in strong positive nitrogen balance for the total 
period. (See Summary Table.) 

Tables 2 and 3 give the results of intravenous injection and Tables 2- and 3- 
concluded show that zM/rfl/»£r27o?zea//y administered plasma was utilized equally 
well. After a 2 day fast, each dog was maintained for 16 days on 50 gm. of glu- 
cose daily by stomach tube. Dog 44-98 (Table 3) received a mixture ofvita- 
mins (see Methods) each day with the glucose. Dog 43-346 (Table 2) received 
no vitamins at the start of the experiment. During the 10th period, after 3 
weeks of plasma intravenously, this dog began to vomit daily and to show signs 
of toxocity although no significant negative nitrogen balance was encountered. 
The experience of earlier workers (3) was not repeated — intoxication and 
marked loss of nitrogen. 



























554 


PLASitA PUOTEIN MAINTAINS NITUOCKN EQUILIBRIUM 


Because dog 44-9S was simultaneously showing signiiicant amounts of pro- 
tein in her urine and seemed to be healtuy except for loss of weight, injectable 
vitamin B was added to the plasma and the special vitamin mixture was added 
to the daily gli^cose diet (dog 43-346) (see Experimental history, dog 43-346). 
The vomiting stopped almost immediately even though it seemed to be partly 
a conditioned reflex. From this point until period 18, Table 3, the dogs re- 
ceived identical treatment and appeared in excellent condition except for the 
obvious loss of weight. 

During the next 6 periods dog -1-1-98 (Table 3-concluded, periods 18 to 23) 
received 200 mg. choline, 25 mg. nicotinic acid, and 140 gm. of the non-protein 
diet daily plus sufficient casein to give 2.0 gm. N per day in addition to the 
plasma. The dog gained weight on this regime and the amount of protein in 
the urine increased. Each dog had mild diarrhea on only 1 day during the in- 
traperitoneal injections. 

During periods 24 to 26 the proteinuria in each dog decreased rapidly and on 
the 12 th day following the last plasma injection no trace of protein was found in 
the urine from either dog. There was also no evidence of wastage or escape of 
the parenterally administered protein in the form of e.xcess urinary nitrogen 
during this after period. 

At no time did the e.xperimental dogs develop a significant diarrhea. Be- 
cause no solid food was supplied except at the times indicated in the tables, the 
volume of feces was always small. Previous investigations in this laboratory 


TABLE 3 

Plasma Iiilravciiously; Sugar Plus Vitamins by outli 

Dog 44-98 


Period ! 
No. j 
4 days 

Diet 
Total N 

Plasma 
injected 
Total N 

j Total 

Urinary niti 

j Urea plus 

1 ammonia 

rogcQ 

Undeter- 

mined 

Urinao’ 

protein 

Blood 

plasma 

concen^ 

tration 

Weight 

Urinary 

N 

balance 


sm. 

fffi. 

Sni. 


per 

cent 

sm. 

tm. 

jm. per 
cent 

*f. 

fm. 

1 

0.3 

0 

4.95 

3.65 

73.7 


0 

6.70 


-4.65 

2 

0.3 ! 

0 1 

4.81 

3.58 

74.4 

1.23 

0 


8.5 

-4.51 

3 

0.3 

0 

3.68 

2.53 

68.8 ' 

1.15 

0 


i 8.3 

-3.38 

4 

0.3 

0 

3.61 

2.64 

73.2 

0.97 

0 

5.77 

8.2 

-3.31 

5 

0.3 

7.40 

3.46 

2.36 i 

68.2 


0 1 

6.88 

8.2 

4.24 

6 

0.3 

8.15 

3.22 


65.2 

1 1.12 

0 

8.59 

t 8.1 , 

4.23 

7 

0.3 

6.71 

1 4.84 

3.71 

76.6 

1.33 

0 


8.2 1 

2.17 

8 

0.3 

7.88 

I 5.39 

4.18 

77.6 

i 1.21 

0 

8.70 


2.79 

9 

0.3 

7.46 


4.18 

1 72.1 

1.62 , 

1 0 

9.40 

7.9 

1.96 

10 

0.3 

8.53 


4.65 

77.3 


0.85 

9.82 

7.9 

2.81 

11 

0.3 

9.47 

7.72 

4.82 

65.0 

0.84 

1.76 


7.7 

2.35 

12 

0.3 

9.27 

8.12 

5.58 

68.7 

1.17 

1.37 

9.79 

7.6 

1.45 

13 

0.3 

9.64 

7.73 

5-82 

75.3 

wsm 

1.41 

10.19 

7.4 

2.21 

14 

0.3 

10.20 

8.43 

5.79 

68.7 


1.S5 

10.11 

7.4 

2.07 
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TABLE 3 — Concluded 


Plasma lulraperitoneaily; Casein Plus Non-Protein Diet 

Dog 44-98 


Period 

Diet 
Total N 

Plasma 
injected 
Total N 

t 

Urinary nitrogen \ 

Blood 

plasma 

Weight 

Urinary 

N 

1 balance 

No. 

4 days 

Total 

Urea plw 
ammonia 

Undeter- 

mined 

Urinary 

protein 

1 

concen- 

tration 

i 


1 

1 

— 

fW. 

itn. 

im. 

! per 

1 cent 

im. 


sm. per 
cent 

ks. 


15 

IB 


9.50 

6.10 

64.2 



10.08 i 

7.2 i 

1.62 

16 

la 


9.41 

5.62 

59.8 

1.11 


10.06 

7.2 

1.18 

17 

0.3 

11.70 

9.60 

5.79 

60.3 

1.10 

1 2.71 

10.33 

7.2 

' 2.40 


Sugar ends; casein plus non-protein diet begin 


18 

8.00 

10.13 

11.28 

6.66 

59.0 

1.17 

3.45 

10.25 

7.3 

6.85 

19 

8.00 

11.46 

12.83 

7.89 

61.5 

1.33 

3.61 

10.46 

7.5 

6.63 


8.00- 

10.28 

12.20 

7.20 

59.0 

1.25 

3.75 

10.21 

7.6 

6.08 

21 

8.00 

9.46 

13.48 

8.95 

66.4 

0.99 

3.54 

9.64 

7.8 

3.98 

22 

8.00 

10,30 

14.45 

9.50 

65.7 

1.78 

3.17 

9.86 

7.9 

3.85 

23 

8.00 

10.59 

14.47 

9.40 

65.0 

1.31 

3.76 

10.04 

8.0 

4.12 


Plasma ends; casein and non-protein diet continue 


24 1 

8.00 


12.43 

9.04 1 

72.8 ] 

1.60 

1.79 

9.13 

7.9 

-4.43 

25 I 

8.00 


9.99 

8.45 

84.6 , 

1.09 

0.45 

7.46 

7.9 

—1.99 

26 

8.00 


7.66 

6.48 

84.6 1 

1.08 

0.10 

6.72 

7.8 

0.34 


(13) have shown that the fecal nitrogen is relatively constant under these basal 
conditions and varies from 0.1 to 0.2 gm. N per day. Therefore, fecal nitrogen 
was not determined in these experiments and the figure of 0.2 gm, N" per day 
was assumed as a generous estimate in calculating the nitrogen balance for each 
dog. 

The same remarkable conservation of injected plasma protein nitrogen is 
showninTafifeZasinTablel (periods 5 to 7). The total urinary N is below the 
minimum fasting level, giving a fairly large positive N balance of 8.57 
gm. During periods 8 to 18 the total urinary N rises slowly but remains much 
below the intake of plasma N. Proteinuria begins and the urinary N rises 
slowly, in part owing to this protein N (periods 12 to 14). The plasma protein 
levels have now reached 10.0 gm. per cent. Conditions remain unchanged 
through periods 15 to 19. Positive urinary nitrogen balance is maintained. 
Proteinuria increases sharply in periods 20 to 23 although the plasma protein 
levels are unchanged. The undetermined N and the urea and ammonia N are 
little changed. Positive urinary N balance continues. During all this time, 
periods 5 to 23, there has been 2 kilos weight loss, with continuing sugar by 
mouth and plasma parenterally. ^Vhen casein by mouth plus non-protein diet 
replaces the plasma intake there is no change in weight and no gain in N balance. 

Table 3 shows some differences on comparison with Tables 1 and 2. We note 
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the extreme N conservation of 8.47 gm. in periods 5 and 6 where the minimum 
fasting level is above the levels of these first two periods of plasma administra- 
tion. Periods 7 to 10 show strong positive urinary N balance (9.73 gm.) but 
the urinary N is rising a little. Periods 11 to 14 show a severe proteinuria but 
a continuing positive urinary N balance. Periods 15 to 17 show even more 
proteinuria, but the non-protein N and the urea-ammonia N show little change. 
During this long interval (periods 5 to 17) there is only 1 kilo weight loss-sugar 
by mouth and plasma parcntcrally. This dog develops a strong proteinuria at 
an earlier date, wliich goes much beyond the levels recorded in Table 2 though 
the plasma protein levels are if anything less. Rccoveiy’ from the proteinuria is 
equally prompt in both dogs when plasma injection is discontinued. 

When casein plus non-protein diet replaces the sugar by mouth and plasma 
continues we note that the proteinuria increases but not the plasma protein 
levels. There is a strong positive N balance, the urea-ammonia fraction in- 
creases, and there is 0.8 kilo weight gain. In period 24 it could be claimed that 
there is some loss of stored protein but the amount is insignificant. 

SUMMARY TABLE 


(Refer also to Sumraary Tabic in following paper.) 


Dog No, ' 

j 

Periods 

1 

Total 

days 

Nitrogen int 

From plasma 

ake 

From 

diet 

Nitrogen 
ercrcted in 
urine 

Protein 

nitrogen 

in 

urine 

Esti- 

mated 

fecal 

nitrogen 

Positive 

nitrogen 

balance 

Daily 

average 

Total 

Total 

Daily 

1 average 

Total 




sm. 

sm. 

sm. 

^ sm. 

sm. 

sm. 

sm. 

1 sm> 

43-346 

4-27 

92 

2.22 

204 



184 

13.36 

18.4 

2.6 

43-346 

S-23 

76 

2.34 

178 

I 2.96 


154 

13.96 

15.2 

18.8 

44-98 

5-17 

‘ 52 

2.27 

118 

3.95 

1.71 

89 

14.97 


22.6 

44-98 

18-23 

24 

2.58 

62 

48.1 

3.29 

79 

21.28 

4.8 

26.3 


Experimental History — Tables 1 and 1-concluded. 

Dog 43-346, normal adult female mongrel used previously for hemoglobin studies. Dog 
was given regular kennel ration (kitchen scraps) for several months prior to the experiment. 
Traumatic hematuria encountered at the end of the first period precluded further catheteriza- 
tion. Urine from each period was tested for protein with heat and dilute acetic acid. As 
soon as proteinuria appeared (period 7), the amount of protein nitrogen was determined quan- 
titatively. Diarrhea was present only 3 times and vomiting only once during the entire 
experiment. The dog gained weight whenever adequate calories were supplied and was in 
excellent general condition at the end of the experiment. 

Experimental History — Tables 2 and 2-concluded. 

Dog 43-346 (Table I) was given a rest period of 4} months on a diet of kitchen scraps. 
Repeated qualitative tests during this period revealed no trace of protein in the urine. During 
the 10th period (Table 2) the dog vomited copious amounts of watery fluid subsequent to the 
tube feeding. This probably caused some dehydration and oHguria. Because catheteriza- 
tion was contraindicated, there must have been some carry over of urine into period 11 to 
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account for the abnormally low total urinary nitrogen in period 10 and the abnocmaliy high 
values in period 11. 

Following this the dog began to salivate and vomit after every tube feeding. She ap- 
parently became conditioned to the point where vomiting would occur whenever the cage • 
door was opened. Coprophagy was noted and during the first half of period 12 she again 
had oliguria. Tube feeding of sugar was stopped and crystalline vitamin B complex (solu-B, 
Upjohn) was added to the plasma for 6 successive days. Vomiting ceased and the animal 
lost her appearance of toxicity. When the 50 gm. of glucose by stomach tube was resumed, 
10 cc. of the special vitamin mixture was added daily and no further vomiting or symptoms 
of toxicity were noted during the remainder of the experiment. On the last day of period 15, 
the entire dose of plasma was inadvertently injected into the dog’s bladder without ill eSect. 
This is reflected in the high figure for protein in the urine for this period. 

Again, because of incomplete emptying of the bladder at the end of the last period of plasma 
administration (period 23), the urinary nitrogen excretion during the next period, when the 
dog received casein and low protein diet, was high. 

Dog was frisky and healthy at the end of experiment, showing only evidence of weight loss. 
Experimental History — Tables 3 and S-concluded. 

Dog 44-98, an adidt mongrel female previously used for hemoglobin studies. Fed for 
several months prior to this experiment on kitchen scraps. She was given 10 cc. of special 
vitamin mixture daily with the SO gm. glucose by stomach tube; no protein in the urine during 
2 day preliminary fast. Qualitative tests revealed no proteinuria until period 10. No 
vomiting or diarrhea was noted at any time. The dog remained in excellent health except 
for loss of weight throughout the period of 52 days while receiving plasma as the sole source 
of nitrogen (plus 0.074 gm. from the vitamin mixture daily). From period 18 through 23 
she received adequate calories and nitrogen from the casein and non-protein diet in addition 
to the plasma intraperitoneally. Weight gain was only moderate and fell off slightly tvhen 
the plasma was stopped. Dog in excellent general condition at end of e.xperiment. 

' DISCUSSION 

The plasma proteins introduced into the dogs evidently contributed to the 
various body tissues and organs and participated in the normal maintenance 
and body metabolism. Unlike protein by mouth there was no loss of nitrogen 
(12) and no evidence of any profound break down of the introduced plasma pro- 
tein, but obviously this plasma protein must have been modified in some way 
to replace the worn out cell and tissue proteins. All these questions are capable 
of experimental approach and a beginning has been made by various workers 
(7, 10, 14). It will be of much interest to follow the distribution of the intro- 
duced proteins, and this can be done with labeled amino acids built into the 
plasma protein molecules. 

Using heavy nitrogen (N“) to label lysine (8) it was possible to produce in 
the dog labeled plasma proteins which in turn were given intravenously to a 
a normal dog. This labeled plasma protein did not long remain in the circula- 
tion,— about 50 per cent disappeared within 24 hours, — but the disappearance 
did not subsequently continue at this rapid rate. It was not possible to deter- 
mine the concentration of the lysine proteins in various organs because of high 
dilutions and limitations of heavy nitrogen analysis. Possibly radio-carbon- 
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Jabeled lysine may enable us to study the distribution of this amino acid in the 
body. This work is in progress. 

Plasma volumes change readily under the above experimental conditions 
but the capacity of adjustment is very great (2, 9, 15, 16). The hematocrit 
values fall during intravenous injection of plasma but the fluid and proteins of 
the plasma promptly come to a balance and the protein concentrations are not 
measurably changed when large amounts of plasma containing 6 gm. per cent 
plasma protein are given to a dog with hyperproteinemia (10 per cent protein). 
Samples taken at 3, 35, and 2-10 minutes showed remarkably close agreement in 
protein concentration. Observations on human beings (1) indicate that follow- 
ing plasma injections fluid may leave the blood stream at rates of 100 cc. per 
minute and plasma protein may be removed at rates of 4 to 6 gm. per minute. 

As one studies the three long experiments described above a pattern emerges. 
Following a fast of 12 to 16 days the urinary A reaches a minimum level. The 
protein stores of the body must be definitely depleted and protein wear and tear 
and turnover are minimal. Now whole plasma given parenterally with sugar 
by mouth presents an e.Ttraordinary conservation of N and we note the urinary 
' N Jails belffiv the Jasting level. The urea-ammonia fraction shows no significant 
change. This remarkable N conservation continues for 8 to 12 days and pre- 
sumably there is considerable repletion of body protein stores or reserves. The 
protein wear and tear and wastage is minimal. After this interval the urinary 
N rises a little, but nitrogen equilibrium is maintained. Proteinuria begins in 
12 to 24 days and about this time the circulating plasma protein levels reach 

9.5 to 10.5 gm. per cent. The degree of the proteinuria varies widely from 0.2 to 

1.5 gm, in some dogs to O.S to 3.0 gm. of protein nitrogen per 4 day period. The 
animal is still in nitrogen equilibrium or positive balance, although the dog 
loses the urinary protein which does not enter into the internal body 
metabolism. There is no significant loss of urinary nitrogen when the plasma 
protein injections cease. 

It seems probable that after the body protein reserv'^es are repleted th e dog 
can use only about so much plasma protein. Beyond this point hyperpro teui- 
emia develops (10 gm. per cent) and a good deal of the introduced protein will 
escape. The urinary N rises somewhat, but a positive N urinary balance is 
usually maintained. Given necessary carbohydrate, fat, salts, and vitamins by 
mouth with the parenteral plasma protein we note tliat weight equilibrium and 
normal health can be maintained for 3 months and probably very much longer. 

It is suggested that there is a ceiling for the use of introduced plasma protein 
when the depleted protein reserves are restored. This ceiling is high enough to 
permit maintenance of body nitrogen balance. 

sumcARY 

Given adequate amounts of homologous plasma intravenously or intrapen- 
toneally a protein-fasting dog can be maintained in nitrogen equilibrium for 
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several months, indicating efficient utilization of all plasma proteins in body 
metabolism. There is 'no accumulation of any specific plasma protein in the 
circulation, indicating that even highly specialized globulins (fibrinogen and 
others) are capable of participation in the general protein turnover and metabo- 
lism within the body. This is a fluid e.Ychange or a dynamic equilibrium in pro- 
tein metabolism. This e.Tchange takes place without significant loss of 
nitrogen. 

Body weight is maintained when adequate calories are supplied (very low pro- 
tein diet) during the plasma injection periods. 

No periods of unexplained intoxication were noted in the long experiments 
described. Health and activity were quite normal. 

Continued hyperproteinemia with repletion of body protein stores and plasma 
protein levels of 9.5 to 10.0 per cent after 15 to 25 days produced proteinuria. 
A renal threshold for blood plasma proteins is suggested. 

These experiments suggest that after protein reserves are repleted there is a 
limit or ceiling for the use of the introduced plasma protein, but this limit per- 
mits a nitrogen balance to be maintained. This limitation to the use of intro- 
duced plasma protein is closely related to the proteinuria. 
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The evidence given below is adequate to establish a retial threshold for plasma 
proteins. Whatever the mechanism may be, there is a lag between the start 
of the plasma injections and the appearance of the proteinuria — a range of 4 to 
26 days. We have not yet established how early the proteinuria may appear 
when very large doses of parenteral plasma are used nor have we made an ef- 
fort to drive the hyperproteinemia above levels of 11.5 gm. per cent. The 
level of plasma protein concentration is probably most important in establishing 
a proteinuria — in normal dogs the values are 9.6 to 10.4 gm. per cent and prob- 
ably individual variations are greater. Repeat experiments on the same dogs 
give practically identical values — see Summary Table — dogs 43-346 and43-141 . 
Prompt disappearance of the proteinuria, normal gross and histological find- 
ings in the kidney at autopsy follow discontinuance of plasma injections. 

The literature is full of interesting papers dealing with the permeability of 
the glomerular tuft to substances other than electrolytes — proteins in particu- 
lar. We do not propose a comprehensive review of this valuable material most 
of which has been recently discussed by Bing (4) . The belief that the glomeru- 
lar tuft in its normal state is permeable to proteins was slow in ga inin g accept- 
ance. When the claim was made that the glomerular tuft was permeable to 
certam proteins, it was often argued that the glomeruli were abnormal or that 
there must be crevices or stomata between the various cells lining the capillaries 
' and the epithelium covering the tuft. 

The preceding paper dealing with the dynamic equilibrium of proteins — an 
obb and flow between the plasma proteins and cell proteins — gives at least a 
suggestion relating to the proteinuria observed. When alb umin s or globulins 
are formed rapidly within a liver cell because of body demand, the proteins 
presumably accumulate within the cell until there is an outflow — due to an in- 
creased density of intracellular protein or other factors. Conversely in protein 
astmg when parenteral plasma is given, these liver cells (and otliers) permit a 

protem mflow — ^perhaps due in part to a decreased density of intracellular pro- 
tein. 

We know of no evidence that there are any stomata involved in these ex- 
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changes by the liver cell or muscle cell so why argue that there must be stomata 
or some permanent structural change to account for a passage of protein through 
normal cells just because they happen to be in the glomerular tuft? With in- 
creased concentration of proteins in the plasma these proteins in large amounts 
do pass the glomerular tuft — not only albumin but several varieties of the globu- 
lins. Furthermore this passage involves capillaries as well as the epithelium 
covering the glomerular tuft. When plasma is given intraperitoneally, it ap- 
pears promptly in the circulation (passage of two cell barriers); and when it 
supplies the protein needs of the bod}’’, it must pass two more barriers (capil- 
laries and cell membrane — muscle or liver cell for c.xample). It seems obvious 
that plasma proteins within the body must pass cell barriers with ease. It 
is accepted that body cell membranes or barriers contain proteins and without 
doubt some enzymes (proteins) arc included in the barrier. It has been sug- 
gested (19) that these enzymes may participate in the easy passage of albumins 
and globulins through cell membranes. 

Well known publications support the hypothesis that protein molecules can 
pass the normal glomerular tuft (1, 8-10, 14-18). The problem of orthostatic 
albuminuria (20) belongs in this discussion. Hyperglobulinemia is discussed by 
Bing (5) in observed human cases with particular reference to multiple 
myeloma. Our dogs show a preponderance of globulins at times, especially 
■when large amounts of albumin appear in the urine — increased sedimentation 
rate was obvious in these dogs and was recorded by Bing in human beings. 
Some workers explain the passage of proteins through the glomerular filter as 
purely a physical phenomenon (2). Bell (3) claims that the capillaries of the 
glomerulus are unlike those elsewhere in the body and the endothelial lining is 
not continuous. Monke and Yuile (13) discuss the size of the pores in the glo- 
merular tuft as related to hemoglobinuria. Blackman ct al. (6) discuss the 
pathogenesis of Bright’s disease and emphasize that high urinary globulin con- 
centration gives a bad prognosis in these patients. 

EXPEREUENTAL OBSERVATIONS 

The e.xperiments in this paper are similar to those in the preceding paper and 
are to be examined as a single group; the methods are identical. Reference to 
the Summary Table below will give total figures for all experiments in these two 
papers. 

Tables 4 and 5 should be examined together since the observations were made 
on the same dog, a rest period of 12 months on a liberal mixed diet intervening. 
Table 4 is the first experiment of the whole series and was pushed along week by 
week with the hope of producing "intoxication” with or without loss of nitrogen. 
Proteinuria was observed in period 6, Table 4, and increased steadily while the 
plasma injections continued, but vanished within 2 days after plasma injections 
ceased. When casein by mouth in relatively equivalent amounts replaces the 
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plasma by vein we note a frugal use of this protein, a continued positive nitrogen 
balance, and slight weight gain. 

Table 5 is a more complete experiment on the same dog (Table 4), after a rest 
interval of 12 months. The dog in Table 5 weighs 1.7 kg. more and requires a 
longer period of fasting to settle down to a base line of urinary nitrogen output. 
About 2.5 times the amount of plasma protein was given at the start as com- 
pared with Table 4, and the amount of nitrogen conservation is spectacular in 
periods 5 and 6, Table 5 — a total of 25 gm. nitrogen — presumably a repletion of 
protein reserves. With these larger injections of plasma the proteinuria ap- 
pears earlier and on the 8th day the urine “boiled solid,” the blood plasma pro- 
tein levels standmg at 9.7 gm. per cent. Because of the large amounts of pro- 
tem in the urine the urea and ammonia fraction is a better index of nitrogen 
metabolism and shows insignificant changes. A positive nitrogen balance con- 
tmues. Intraperitoneal injections are then used. Weight loss is very slow and 
the dog is in excellent condition. Proteinuria cleared 4 days after cessation of 
plasma injections. 

Evidently larger injections of plasma cause an earlier appearance of protein- 
uria and a higher output of protein in the urine, representing in this dog 24 per 
cent of the protein injected (Table 5). The levels of blood plasma protein 
concentration are not strikingly different in Tables 4 and 5. The highest out- 
put of protein in the urine is noted in periods 15 to 17 (Table 5) with plasma 
protein concentration of 10.4 to 11.3 gm. per cent. When the plasma injections 
cease there is no notable escape of stored nitrogen (periods 18 and 19, Table 5). 

Electrophoretic Shidies (Dr. Eric Ailing) 

In general the urinary protein concentration ranges as high as 10 to 15 per 
cent of the plasma protein concentration but the albumin fraction makes up 60 
to 75 per cent of the total urinary protein and fibrinogen does not appear in 
recognizable form in the urine. The other globulins, hov/ever, are weU repre- 
sented in the urine and in general follow' the percentage representation in the 
plasma. 


Electrophoretic Pattern — Period 7, Table 4 


1 j 

Uriflc 


‘ tm percent ' 

gm per cent 

Albumin 

, 4 OS 

Q.6 

Globulins— alpha 1 

\ ' 

9 

0.06 

Globulins— alpha 2 

^ 9 . 

1 0.05 

Globulms — beta and gamma 

3 2 

1 0.13 

Fibrinogen 


1 0 

Total 


1 

' o.&t 

kjeldahl — 'total 

9 95 

I 0.6i 


Obscured by opacities of unknown origin. 
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TABLE 4 

Plasma Intravenously; Sugar by Mouth 


Dog 43-141, adult mongrel hound. 


Period 

No. 

•1 days 

Diet 

Plasma 
injected 
Total N 

Urin .ary nitrogen 

Blood 

plasma 

concen- 

tration 

Weight 

Urinary 

N 

balance 

Total N 

Total 

Urea plus 
ommoou 

Undeter- 

mined 

Urinary 

protein 


xm. 

xm. 

xm. 

xm. 

ttr 

cent 

xm. 

xm. 

xm. per 
cent 

lit- 

Stn. 

1 



6.11 

4.67 

76.3 

1.4-4 



11.3 

-6.11 

2 



3.12 

2.28 


1.12 


6.20 


-3.12 

3 


7.08 

5.10 

3.79 

74.3 

1.31 



10.0 

1.98 

4 


7.63 

4.37 

3.15 

72.1 

1.22 


9.-44 

9.8 

3.26 

5 


9.58 

5.83 

4.57 

78.3 

1.29 



9.8 

3.75 

6 


10.00 

7.60 

5.38 


1.25 

0.97 


9.7 

2.40 

7 


9.8-1 

8.31 

5.65 



1.83 

9.95 


1.53 

8 


9.83 

7.99 

5.23 

65.5 


1.73 


9.4 

1.84 

9 


10.91 

10.19 

6.56 

<14.4 

1.46 

2.17 

11.50 


0.72 


Sugar stopped. Non-protein diet started 


10 



9.80 

5.72 

58.6 j 


3.75 

9.77 

1 9.4 

0.66 

1 


Plasma injections stopped. Casein added to diet 


11 


■nn 

7.36 

4.68 

63.7 

1.73 

1.15 

7.64 

9.6 

1.14 

12 

WM 


6.85 

5.40 

78.8 

1.45 

■■ 

7.97 

9.8 

1.65 

13 

8.00 


6.35 

4.93 

77.7 

1.42 




2.15 

14 

8.00 


5.56 

4.08 

73.4 

1.58 

H 



2.94 

15 

8.00 

HI 

5.27 

4.08 

77.5 

1.19 

H 



3.23 


In period 9, Table 4 (Tiselius), plasma proteins — albumin — 4.26, alpha 1 — 
0.32, alpha 2, 3, and 4 — 2.39, beta, gamma, and fibrinogen — 4.13. Total — 11.1 
gm. per cent, and Kjeldlial analysis, total — 11.5 gm. per cent. 

Further studies of the plasma and urinary proteins by the method of Tiselius 
were carried out in Table 5, period 14. 



Plasma 

Urine 

Albumin 

xm. per cent 

3.58 

xm. per cent 

1.02 

Globulins — alpha 1 

1.82 

0.10 

Globulins — alpha 2 

1.65 

0.07 

Globulins — beta and gamma 

2.75 

0.24 

0 


I * 1.31 


11.11 

1.43 

Kjeldahl— total 

10.79 

1.43 
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TABLE 5 

Plasma Parenterally; Sugar and Vitamins by Mouth 


Dog 43-141,- Experiment 2. 


Period 

&o, 

4 days 


Plasma 
ioiected 
Total N 

Urmary nitrogen 

Blood 

plasma 

Weight 

Urinary 

Total N 

Total 

Urea plus 
ammonia 

Undeter- 

mined 

Urinary 

protein 

concen- 

tration 

balance 


sm. 

im. 

gw. 

gw. 

per 

cent 

gm. 

gm. 

gm. per 
cent 

kg. 

gm. 

1 

0.3 


8.27 

6.81 

82.4 

1.46 


5.94 

13.0 

-7.97 

2 



7.18 

5.97 

83.1 

1.21 


5.77 

12.6 

-6.88 

3 



5.96 

4.70 

79.0 

1.26 


5.56 

12.2 

-5.66 

4 

ia 


5.16 

3,98 

77.2 

1.18 


5.29 

12.0 

-4.86 

5 

0.3 

18.42 

4.49 

3.19 




8.05 

12.2 

14.23 

6 

0.3 

19.97 

9.26 

5.74 

62.0 

1.24 

2.18 

9.70 

12.3 

11.01 

7 . 

0.3 

16.46 

15.15 

8.25 

54.5 

1.52 

5.38 

9.93 

12.2 

1.61 

8 

0.3 

12.89 

12.53 

7.10 

56.6 

1.29 

4.14 

9.79 

11.9 

0.66 

9 

0.3 

13.16 

12.41 

7.65 


1.42 

3.34 

9.83 

11.7 

1.05 


0.3 

12.49 

11.30 

‘7.09 

62.8 

1.28 

2.93 

9.71 

11.5 

1.49 

11 

0.3 

12.43 

10.10 

5.90 

58.4 

1.48 

2.12 


11.5 

2.63 


Intraperitoneal injections only 


H 

19 

11.82 

8.98 

5.96 

i 66.4 

0.87 

2.15 

9.81 

1 

11.4 

3.14 


mm 

12.99 

9.67 

6.82 

70.6 

1.21 

2.64 

9.55 

11.4 

3.62 

14 

0.3 

13.77 

11.02 

i 6.16 

55.9 

1.62 

3.24 , 

10.42 

11.4 

3.05 

15 

0.3 

14.35 

13.32 

1 7.11 

53.4 

1.51 


11.13 

11.4 

1.33 

Intravenous injections only 

19 

19 

wm 

16.03 

8.76 

54.6 

m 

5.73 

19 

19 

1 -0.12 

m 

19 


14.65 

7.63 

52.1 

m 

5.51 

19 

lo 

1.63 


Plasma stopped. 

Sugar and vitamins by mouth continued 


18 

0.3 


8.09 

5.64 

69.8 j 

m 

* 1.06 

8.04 

10.4 

[ -7.79 

19 

0.3 


6.31 

5.30 

84.0 1 

Hi 

0 

7.32 

10.0 

-6.01 


Again in period 17, Table 5 — 



Plasma 

Urine 


gm. Per cent 

gm. per cent 

Albumin 

2.90 

1.03 

Globulins — alpha 1 . . . 

2.45 

0.12 

Globulins— alpha 2 

1.65 

0.09 

Globulins — beta, aiiri gamma 

2.50 

0.33 

Fibrinogen 

1.30 

0 

Total 

10.80 1 

1.57 

Kjddahl— total 

10.70 j 

1.67 
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Agiiin ill period 18, Table 5, about 102 hours after the last injection of plasma 
the electrophoretic pattern of the plasma read; Albumin— 2.11 gm. per cent, 
alpha 1 and 2 — 1.74 gra. per cent, alpha 3 — 1.S6 gm. per cent, beta — 0,92 gm. 
per cent, gamma — 0.94 gm. per cent, fibrinogen — 0.75 gm. per cent, with a total 
of 8,32 gm. percent. 

The relatively low levels of albumin in the circulating plasma are presumably 
related in part at least to the more rapid escape of the smaller albumin molecule 
through the kidney. 


g T.ABLE 3~ii 

Period 10 in Table 5 

Protein Excreted at RcJathcly Constant Rate 


Time 

Urine 

volume 

V'olunic* 

plasma 

injected 

Total 

nitro,;cn 

injected 

Urinarj- protein nitrogen 

Blood 

plasma con- 
centration 

Expected 

Observed 

9 a.ni.-9 p.m. 

9 p.ra.-9 a.m. 

9 a.m.-9 p.m. 

9 p.m.-9 a.m. 

cc. per 12 
nrs. 

550 

450 

800 

275 

per 24 
hrs, 

310 

272 

fD, per H 
hrs. ' 

3.17 

2.75 

tm. per 12 
hrs, 

0.392 

0.321 

0.570 

0.198 

cm. 

0.334 

0.362 

0.486 

0.299 

cm. per] 
cent 

9.37 
10.00 
i 9.86 

Total 48 hrs 

2075 

582 

5.92 1 

1.481 

1 1.481 


9 a.m.-9 p.m. 

690 

355 

3.56 

na 

■Sa 

9.59 

9 p.ni.-9 a.m. 

315 



msm 

■eg 

9.71 

9 a.m.-9 p.m. 

700 

302 

3.01 


0.416 

9.70 

9 p.ra.-9 a.m. 

300 



0.217 

'0.295 

9.77 

Total 48 hrs 

2005 

657 

6.57 

1.44 

1.44 



* Plasma injected at 11 a.ra. 


Table 5-a shows a breakdown of period 10 in Table 5. The rate of urine ex- 
cretion is not constant, and more urine is e.xcreted during the day, but there is a 
continuous escape of protein in the urine both night and day. Evidently there 
is not an immediate outpouring of protein through the kidney, following the 
injection of whole plasma during the forenoon. The evidence favors a 
relatively constant excretion of proteins by the kidney — see Experimental his- 
tory, Table 5-a. 

Tables 6 and 7 should be considered together as the experiments were similar 
and both animals were bile fistula dogs. Duration of both e.xperiments was 
short — 15 and 16 days but the daily injection of plasma was large. Note that 
the periods are 48 hours in both experiments as compared with 4 day periods 
in Tables 4 and 5. Bile fistula dogs do not tolerate fasting and these periods 
were only 2 and 3 days. 
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Protein reserves are low in these dogs, but the fasting levels were probably 
not reached before the plasma injections were begun. Proteinuria in traces 
appeared in 48 hours (Table 6) and on the 4th day (Table 7). Both dogs show 
a positive nitrogen balance and body weight was maintained. The dog of 
Table 6 shows definite proteinuria at a plasma protein level of 8.7 gm. per cent 
but the other bile fistula dog (Table 7) shows proteinuria at a plasma protein 
level of 10.4 gm. per cent and this level is continuously high while the 
proteinuria continues (Table 7, periods 6 to 9). Evidently individual varia- 
tions and not the bile fistula were responsible. Both dogs were autopsied sub- 
sequently and showed no significant renal abnormalities. 

Table 8 gives an experiment which was started without knowledge that the 
apparently normal dog was suffering from a mild cystitis and pyelonephritis 
which became quite active during the later periods 12 to IS. This inflamma- 
tion e.xplains the strong negative nitrogen balance in periods 13 to 15. Autopsy 
some 3 months later rev’^ealed the extent of this inflammation. A long fasting 
period (30 days) precedes the plasma injections in period 8, Table 8, to deter- 
mine whether the onset of the proteinuria would be earlier or more severe in this 
depleted state. There were traces of proteinuria (the significance not appre- 
ciated) before the plasma injections were started, but definite proteinuria began 
on the 8th day. The degree of proteinuria is not beyond the expected range 
e.xcept m periods 13 to 15 when the infection of the renal pelvis and bladder was 
causing obvious intoxication. The cause of this inflammation was a series of 
experiments on the animal some months before that of Table 8, in which daily 
catheterization was employed to terminate urinary collections. One notes 
considerable protein utilization and nitrogen retention in periods 8 to 11. The 
c.xperiment indicates that a long fast does not of itself modify the reaction to 
plasma injections — also the fact that an infection may disturb the usual picture 
observed in the normal dogs (compare Tables 1 to 5 in Summary Table). 

Experimental Hji/ory— Table 4. 

Dog 43-141, adult female mongrel hound; was given regular kennel ration for several months 
prior to this experiment. Two days of fasting were followed by 8 days of feeding 50 gm. glu- 
cose by stomach tube daily. Each period was terminated by catheterization. Plasma pro- 
tein determinations were done on blood samples drawn immediately prior to the time of plasma 
rajection — about 11 a.m. Plasma administered intraperitoneally in periods 3 and 4 and in- 
travenously thereafter. During periods 9 and 10 there was some vomiting and sh'ght diar- 
rhea. This ceased as soon as the plasma injections were discontinued, and no significant 
intoxiMtion was noted at any time, 150 gm. of low protein diet plus 200 mg. choline and 25 
rog. nicotinic acid was given daily during periods 10 to 15. Casein (15 gm. daily) was sup- 
P cd during the after period so that the total N in diet was 2.0 gra. per day. 

Experimental Bistory— Table 5. 

Dog 43-141 (Table 4), after a rest period of almost a year on a diet of kitchen scraps, was 
asted for 4 days and then given 50 gm. of glucose and 10 cc. of the special vitamin mixture by 
stomach tube daily for 16 days. The dog lost almost 2 kg. during these 3 weeks but seemed 
ot cruise active and healthy. Large volumes of homologous plasma (357 to 548 cc.) were ' 
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given in single closes half intravenously and hah' inlrapcritoncally for the lirst 10 days of plasma 
administration. During periods S and 0 and 12 to 15 the pl.isma wa.s given intrapcritoncally 
only. At all other times the plasma was injected intr.ivenou.sly. Diarrheal was noted only 
twice (periods 1-1 and 19). The dog remained in c.xcellent general condition throughout the 
c.Nperiment e.xcept for the expected lo.ss of weight. I’l.asma w.as the sole source of nitrogen 
throughout tlie experiment except for the 0.074 gm. N present in the daily dose of vitamins. 

llxpcrlmcnlal Uislory — 'Table 5-a. 

Dos Period 10, Table 5, was divided into 12 hour intervals by cathetcrixing the 

dog and w;ishing out the bladder with normal saline. No difliculty w.as encountered. .\n at- 


TAULE 6 

Plasma Iiilrascnoiuly; Lena Protein Diet aiul Vitamins by Mouth 


Dog 46-79, bile fistula. 


Period 

No. 

2 daj-s 

Diet 

Plasma 
injected 
Total N 

Urinary nifrosen 

Diood 

plasma 

concen- 

tration 

Weisht 

Urinary 

Total N 

Total 

Urea plus 
ammonia 



N“ 

balance 


sn. 

r«. 

r«. 

ra. 

per 

cent 

set. 

ta. 

per 

cent 

is. 

£nt. 

1 

mi 


4.60 

3.37 

73.2 

1.23 


5.83 

11. 0 

-4.36 

2* 



2.96 

2.22 

75.0 

0.74 


6.65 

10.7 

-2. 84 

3 

HI 

6.95 

3.15 

2.45 

77.8 

0.70 

Trace 

7.8-1 

10.8 

4.04 

4 

0.24 

7,34 

3.78 

2.36 

62,4 

0.86 

0.56 

8.72 

10.9 

3. SO 

5 

0.24 

7.29 

4.39 

2.31 

52.6 

0.87 

1.21 

9.-15 

10.9 

3.14 

6 

0.24 

7.85 

5.72 

2.28 

39.9 

1.18 

2.26 

10.25 

10.9 

2.37 

7 

0.24 

7.42 

6.48 

3.12 

•18.2 

1.12 

2.24 

9.14 

10.7 

1.18 

s 

0.24 

7.36 

6.35 

2.68 

42,2 

ISI 

2.47 

9. -15 

10.9 

1.25 

9 

0.24 

7.54 

5.46 

2.56 

•15.3 


2.08 

9.95 

10.7 

2.32 

10* 

0,12 

3.85 

2.95 

1.23 

41.7 

WMm 

1.03 

9.80 

10.7 

1.02 

11 

0.15 


3.79 

1.90 


1.06 

0.83 

9.26 

10.1 

-3.64 

12 

0.15 






0.06 

8. -14 

10.2 


13 

0.15 


4.62 

3.29 

71.1 

1.33 

Trace 

8. -17 

9.9 

-4.47 

14 

0.15 


4.45 

3. -45 

77.5 

1.00 


8.72 

9.3 

-4.30 

15 

0.15 


4.32 

3.37 


0.95 


8.34 

9.1 

-4.17 

16 

0.15 


2.79 

2.00 

71.8 

0.79 


8.03 

9.2 

-2.54 


1 day period. 


tempt was made to produce a constant urine volume without success. The night output w;i3 
always less tlian the daytime volumes. One column of the table gives the values of urinary 
protein nitrogen calculated as follows: 


Expected urinary nitrogen in 12 hour period 


Urine volume in 12 hour period ^ 
Total urine volume in 43 hours 


Total urinary nitrogen in 4S hours 


Experimental History — ^Table 6. 

Dog 46-79, adult female mongrel hound with bile fistula, in tlie course of bile salt 
metabolism studies to be reported later by Dr. Wilh’am B. Hawkins et al., was given kennel 
diet plus 50 to 100 cc. of her own bile by mouth daily for 50 days prior to the start of this ex- 
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perimenL The dog received 200 gm. of low protein diet plus 10 cc. of special vitamin mixture 
daily for 4 days prior to intravenous administration of plasma, and this diet was continued 
throughout the period of plasma injections and for 2 days after plasma was stopped. The dog 
evidenced some allergic reaction on the 1st and 3rd days of plasma administration, in the form 
of fadal edema and transient flushing of skin with itching. This cleared spontaneously. 
Vomiting occurred following injection during periods 5 and 6, probably owing to large volumes 
of plasma (374 to 385 cc.) given in a short time (10 to 15 minutes). Slight jaundice appeared 
during periods 9 and 10 and continued for several days. The dog received only 50 gm. glucose 
plus 10 cc. of the vit amin mixture by stomach tube daily during periods 12 to 16. 

Further experiments not related to this paper were finished and about 6 weeks after period 
16 the dog was killed with ether. The kidneys in gross and in histological sections showed no 
significant abnormalities. The 2 weeks’ proteinuria left no mark on these organs. 

TABLE 7 


Plasma Iiilravenausly; Low Prolan Diet and Vitamins by Mouth 
Dog 46-9, bile fistula. 


Period 

No. 

2 days 

Diet 

Plasma 

injected 

ToUlN 

Urinary nitrogen 

Blood 

plasma 

concen- 

tration 

Weight 

Urinary 

N 

balance 

Total N 

Tout 

Urea pl^ 
amnion ia 

Undeter- 

mined 

Urinary 

protein 




Sm. 

pn. 

ptr 

unt 

tm. 

{m. 

tm. per 
eenS 

kto 


1 



2.62 

1.89 

72.3 

0.73 


6.15 

8.8 

-2.38 

2 

ESI 

7.47 

2.59 

mi 

69.4 

0.79 


8.04 

9.0 

5.12 

3 

0.24 

7.24 

3.00 

mm 

68.6 

0.95 


9.34 

9.1 

4.48 

4 

0.24 

7.33 

3.20 

2.39 

74.6 

0.81 

Trace 

9.90 

9.1 

4.37 

3 

0.24 

7.56 

3.54 

2.23 

63.0 

0.70 

0.61 

10.37 

9.1 

4.26 

6 

0.24 

7.30 

6.89 

3.67 

53.3 

1.11 

2.11 

10.34 

9.1 

0.65 

7 

0.24 

7.23 

6.55 


48.9 

0.77 

2.58 

10.47 

9.0 

0.92 

8 

0.24 

7.46 

5.71 

2.83 

49.3 

0.88 

2.00 

10.48 

9.0 

1.99 

9 

0.24 

6.85 

3.69 

1.80 

48.9 

0.71 

1.18 

10.44 

8.9 

3.40 

10 

0.24 


4.58 

3.01 

65.8 


0.77 

9.53 

8.9 

-4.34 

11 

0.24 


2.73 

1.81 

66.1 

0.92 

Trace 

8.20 

8.6 

-2.49 

12 

0.24 


2.30 

1.72 

80.0 

0.58 


7.83 

8.4 

-2,06 


Experimental History — ^Table7. 

Dog 46-9, adult female mongrel with bile fistula, in the course of other experiments to be 
reported later by Dr. W. B, Hawkins el al., was given kennel diet plus 100 cc. of her own bile 
duly for 25 days prior to the start of this experiment. The dog received 200 gm. of low pro- 
tern diet plus 10 cc. of vitamin mixture, 200 mg. choline, and 25 mg. nicotinic acid for 7 days 
pnor to intravenous administration of plasma, and this diet was continued throughout the 
penod of plasma injections and for 6 days after the plasma was stopped. Facial edema, flush- 
ing and itching of the skin occurred once in period 6 and vomiting was noted once in period 9. 
Othenvise the dog was in excellent health and lost practically no weight during the 16 days of 
plasma injection. The proteinuria disappeared completely after 2 days on keimel diet. The 
dog Was used for other experiments and was sacrificed several months later. No gross or 
histologic abnormalities were noted in the kidneys. 

Experimental History-Table 8. 

Dog -tS-ZPO, adult female mongrel bull, used previously for various experiments. The dog 
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was given regular kennel ration for several months prior to this experiment and was somewhat 
overweight. Two days of fasting was followed by 28 days of feeding 50 gm, of glucose by 
stomach tube daily. Faint traces of protein were detected in the urine during tin's starvation 
period. Catheterization w.as not employed in this c-xperiment but had been used .as routine in 
previous e.xpcriments. Heavier traces of i)rotein appeared in the urine during the first period 
on plasma injections. The dog rapidly became toxic and began vomiting after the second 
period of jilasma injections. Small ulcers aiipeared on the oral mucous membranes during 
period 11 (Table S) and diarrhea became freriuent. Vomiting became a conditioned rcllex 

TABLE S 

Plasma Intravato:isly; Sii^ar by Mouth 


Dog -13-290, cystitis and pyelonephritis. 


Period 

Ptisma 
injected 
Total N 

Urinary nitrosen 

Blood 

plasma 

Weight 

Urinary 

N 

balance 

■1 days 

Total 

Utca plus am* 
monU 

.Undctcr- 

mined 

Urinary 

protein 

concen- 

tration 

1 

1 

gm. 

gm. 

fCT. 

ter cent 

gm. 

£m. 

£m. ter 
cent 

if. 

im. 

1 







7.35 

14.8 


2 






Trace 




3 





« 





4 



1 

1 

1 

Trace 

1 

13.2 i 


0 

6 


4.-12 

3.17 

71. S 

1.25 



12.5 

-4.42 

7 


5. OS 

4.02 

79.2 

1.06 


6f3S 

12.1 

' -5.08 

S 

8.32 

4.44 

3.30 

74.4 

1.14 

Trace 



3.88 

9 

S.50 

4.38 

3.28 

74.9 

1.10 

Trace 

9.54 

11.8 

4.12 

10 

1 8.91 

6.79 

4.98 

' 74.0 

! 0.81 

1.00 

9.83 


2.12 

11 

S.5S 

5.27 

3.47 

65.6 

0.65 

1.15 



3.31 

12 

9.49 

10.00 

5.46 

55.0 

1.95 

2.59 

9.55 

11.6 

-0.51 



Sugar discontinued. 

Dog to.xic — vomiting 



13 

9.35 

16.00 

9.57 

59.4 

1.71 

4.72 1 


10.9 

-6.65 

14 

9. 48 

24.86 

16.05 

64.6 

2.83 

5.98 j 

10.04 

10.3 

-15.38 

15* 

5.24 

11.21 

16.97 

62.5 

1.82 

2.42 1 

7.67 

10.0 

-5.97 


* 2 day period. 


and occurred whenever one of the observers entered the room. It was not prevented by ade- 
quate oral and parenteral doses of atropine. Because of vomiting, sugar was stopped and the 
dog was given Ringer’s solution fortified xvith potassium chloride and injectable vitamin B 
complex (solu-B, Upjohn) in an attempt to restore electrolyte balance and correct the obvious 
vitamin deficiencies. Dehydration bec.ame severe and the animal was almost moribund. 
Non-protein nitrogen on tlie last day of plasma injection was 63 mg. per cent. Generous 
amounts of hamburger steak followed by regular kennel ration restored the dog's weight and 
appearance of well-being, but proteinuria and occasional spontaneous hematuria continu^ 
for 3 months. The dog was killed with ether and autopsy revealed acute and chronic cystitis 
with a moderately severe chronic pyelonephritis. This condition was probably related to re- 
peated catheterization in previous e.xperiments and it helps explain the high figures for urinary 
nitrogen in periods 12 to 15, Table 8. 
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The Summary Table brings out the important points of the paper. It is to 
be emphasized that the first 5 tables (1 to 5) giving data procured by the use of 
three normal dogs, show a reasonably uniform response. The two bile fistula 
dogs, Tables 6 and 7, show differences but the fistula was probably not wholly 
responsible. The last experiment, Table 8, deals with an abnormal dog in 
which the cystitis and pyelonephritis was lighted up by the long period of pro- 
tein fasting. A large negative nitrogen balance is to be noted. 

It is apparent that larger amounts of plasma given parenterally will cause 
proteinuria to appear earlier and to a greater degree — compare two experiments 
on the same dog (43-141), in which the nitrogen of the injected plasma is in- 
creased by more than SO per cent, the proteinuria appears on the 8th day (14th 
day with less plasma), and the percentage of injected plasma protein appearing 
in the urine measures 24 per cent (as compared with 16 per cent with less 
plasma). 


SUMMARY TABLE 


Table 

No. 


1 * 

2 * 

3’ 

4 

5 

6 

7 

8 


See tables in preceding paper. 

Tables 6 and 7 — bile fistula dogs. 

Table 8— cystitis and pyelonephritis. 

There seems to be adequate evidence that there is a threshold for plasma pro" 
teins. The values for the initial proteinuria in terms of plasma protein con- 
centration run from 9.7 to 10.4 gm. per cent in the normal dogs and the average 
igures in these same e.xperiments are 9.6 to 10.3 gm. per cent — not a wide 
spread. The highest levels attained for plasma protein concentration are 11.5 
hm. per cent. The overflow of protein is very considerable in some e.xperi- 
inents--yet the proteinuria cleared in 1 to 4 days when plasma injections were 
'^continued, and the kidneys were demonstrabiy normal subsequently. 


Dag 

Duration 
of pliuma 
arnninis- 
tration 

N from 
pla&ma 
total 

N 

Urinary nitrogen 

Urinary 
protein N 
as per 
cent of 
protein N 
injected 

Time 

elapsed 

before 

protein* 

uria 

Concentration of protein 
in plasma 

No. 

diet 

total 

Total 

Pro- 

tein 

Bal' 

ance 

Protein- 
uria ap- 
peared 

Maxi- 

mal 

level 

Average 
of all 
levels 


days 

r«. 

gm. 

gm. 

gm. 

gm. 

prr aeiil 

Hj 

gm. per 
cent 

gm. per 
cent 

gm. per 
cent 

43-346 

92 

204 

1.0 

184 

13.4 

21 

7 

Bn 

10.4 

11.5 

10.3 

43-346 

76 

178 

3.0 

154 

14.0 

27 

8 


10.3 

11.5 



76 

ISO 

tatma 

168 

38.6 

64 

21 

■SEE 

9.9 

10.7 

9.6 

43-141 

32 

75 

0.2 

59 

11.6 

16 

16 

14 

9.7 

11. S 

10.1 

43-141 

52 

191 

3.9 

149 

45.7 

46 

24 

8 

9.7 

11.3 

9.9 

46-79 

15 

56 

1.8 

38 

12.7 


23 

4 

8.7 


9.3 


16 

58 

■El 

35 

9.2 

15 

16 

6 

10.4 

10.5 

9.6 

|43-290 

30 


10 

S3 

18.0 

-15 

26 

8± 

9.5 


9.7 


DISCUSSION 


^^Our interest in the renal threshold for plasma proteins came about by acci- 
• \Vc attempted to repeat some earlier experiments (7) in which a pecu- 
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liar intoxication was observed in dogs receiving plasma by vein and sugar by 
mouth. As the repetitions did not bring on this intoxication, tlie experiments 
were lengthened and finally protein was found in the urine. The proteinuria 
increased as larger amounts of plasma were given parenterally, and when plasma 
injection was discontinued it promptly cleared. There was no evidence of 
renal damage following proteinuria at a high level maintained for 5 to 7 weeks. 
Tiie first experiment is given in Table 4 and for contrast an animal with a dis- 
eased kidney (pyelonephritis — Table 8) was included in the series. 

Renal thresholds for hemoglobin in the dog have interested workers in this 
laboratory for years. Thresholds for dog hemoglobin, for dog muscle hemo- 
globin, for goose and sheep hemoglobin have been established (12). The 
threshold for muscle hemoglobin was about 5 per cent that of blood hemoglobin. 
The renal threshold for blood hemoglobin can be lowered by repeated injection 
of hemoglobin day by day, which results in accumulation of it in the epithelium 
of the convoluted renal tubules (11). Further study of hemoglobin renal 
clearance is reported by Monke and Yuile (13, 21, 22). 

It is obvious that the small protein molecules pass the renal threshold in 
greater amounts — albumin 3 or 4 times that of the globulins in these experi- 
ments. Fibrinogen stands out as distinct from the other globulins by present 
methods of analysis. Fibrinogen may in fact pass the glomerular tuft, be pre- 
cipitated as fibrin in the tubules, to be absorbed or perhaps digested by the 
tubular epithelium (not unlike some hemoglobin in hemoglobinuria). The 
amounts of fibrinogen concerned w’ould be very small and could readily escape 
detection. 

Some may believe that the renal threshold is wholly dependent upon the 
level of plasma proteins in the blood and this may be a fact. However, we 
must consider the possibility of some absorption of proteins by the convoluted 
tubular epithelium, which might for a time delay the appearance of protein- 
uria. 


SUiDLARY 

Proteinuria in normal dogs can be produced at will by parenteral injections 
of dog plasma. 

As the plasma injections are continued the plasma protein concentration rises 
and at some point protein begins to appear in the urine. The level of plasma 
protein concentration at which proteinuria appears in normal dogs ranges from 
9.6 to 10.4 gm. per cent. This may be termed the renal threshold for protein- 
uria. Repeat experiments in the same dog show threshold levels to be prac- 
tically identical. 

An interval of days (4 to 26 days) has been noted between tlie start of plasma 
protein injections and the appearance of the proteinuria. Larger doses of 
plasma shorten this interval and the critical plasma protein level is attained 

sooner. 
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Considerable amounts of protein may appear in the urine — ^298 gm, protein 
during a 52 day period in one instance studied — ^yet the urine clears in 1 to 4 
days after cessation of protein injections. Autopsy shows undamaged kidneys. 

Maximal levels of plasma protein concentration range from 10.0 to 11.5 gm. 
per cent. The highest levels are usually associated with maximal output of 
protein in the urine. 

It seems clear that plasma proteins readily pass cell barriers (or membranes) 
within the body, including the endothelium and epithelium of the renal glo- 
merulus. 
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The significance of droplet nuclei infection in the spread of bacterial and virus 
diseases has been established by experimental and epidemiological studies (1-3). ' 
Experiments also have demonstrated that transport of droplet nuclei infection 
into the alveolar tissues of the lungs by the air currents of normal respiration 
depends upon the settling velocity of droplet nuclei (4), The experiments by 
which the relation of settling velocity of droplet nuclei to their transport by 
the air currents of normal respiration was determined used virulent tubercle 
bacilli as indicator organisms and rabbits as test animals. These animals in- 
haled the organisms as separated cells in droplet nuclei. Thus the tubercles 
which developed in their lungs were known to be induced by organisms derived 
from single cells, all of which were implanted upon alveolar tissue within rela- 
tively brief intervals. 

During a period of about 6 weeks following infection these tubercles developed 
3-t a remarkably uniform rate v/hich was not appreciably influenced either by 
the number of lesions or by their position in the lungs (4). These observations 
Me consistent with the results of similar experiments which involved rabbits 
of families of high and low levels of resistance to tuberculosis (3). Thus it 
seems that the initial response of normal rabbits to virulent bovine tubercle 
bacilli, mhaled as separated cells in droplet nuclei, may be said to be homo- 
geneous. The homogeneous phase of inhaled tuberculosis, as observed in these 
oxpenments, contrasts sharply with later stages of the infection which are well 
known to be strikingly heterogeneous, especially when rabbits of various strains 
are subjected to infection. This observation suggests that rabbits do not differ 
in their inherent resistance to bovine tubercle bacilli. Instead, they differ in 
their capacity to acquire resistance. Additional evidence which supports this 
hypothesis is provided by a study of the sequence of histological changes during 
the homogeneous phase of inhaled tuberculosis and of its transition into the 

This work has been supported by a grant from the Commonwealth Fund to the Univer- 
sity of Pennsylvania for studies on the prevention and control of air-bome iidection. 

575 



576 


TUDEUCULOSIS OE lUBBlTS. I 


heterogeneous phases of the reaction, Tliese features of air-borne tuberculosis 
will be described in tins paper. 

jifaterial and Methods 

Animals were infected by organisms of the Raven.il strain of Mycohaclcritm Ittbcrculosis 
{bom) wijicii iiad been grown in a liquid metUum in rotating flasks containing glass beads. 
This method has been found to stimulate rapid grovvth of tlic organisms, to a large e.xtent in 
the form of separated cells (5). 

Infections were induced by newly developed methods and apparatus. This apparatus con- 
sisted of an aerosol flask, an inlialaU'on chamber, and an incinerating chimney connected in 
series. Animals e-xiiosed in tliis apjiaratus inhaled virulent organisms, air-bomc as separated 
cells in fine droplet nuclei, under standardized conditions (6), The procedure for a typical 
experiment was as follows; — 

Aqueous suspensions of separated organisms were prepared by passing a liquid culture 
■through No. 4 Whatman filter paper. Density of organisms in this filtrate was determined by 
tlic Breed method, which had been found to give results consistent with colony counts of sus- 
pensions planted on the Crumb medium (7). Then the filtrate was diluted to a level which 
would provide the desired concentration of bacilli in the aerosol, and the dilute suspension 
introduced into the aerosol flask. 

The aerosol flask was made from a Florence flask by blowing an auxiliary neck tangential 
to its equator. This flask was attached in the horizontal position by its main neck to the in- 
take portal of the system, with the auxiUary neck rotated above the level of the bacterial sus- 
pension. A Venturi nozzle and throat, carefully designed for efficient atomization, was 
fitted into the auxiliary neck of the flask. The base of this nozzle extended to the exterior of 
the flask through a rubber stopper to connect with a tank of compressed air. Adjustments 
beiirg completed, the flask was rotated on its horozintal axis to bring the fluid into tire auxiliary 
neck about the base of the Venturi throat to allow the bacterial suspension to enter. Opening 
the valve to the air line allowed a high velocity jet of air to draw fluid from the Venturi throat 
and whirl it into a cloud of droplets about the equator of the flask. Larger droplets impinged 
upon the wall of tire flask and returned to the pool of liquid. Only the smallest ones evap- 
orated rapidly enough to produce droplet nuclei which were carried by the air stream from 
the core of the cloud into the system through the horizontal neck of the flask. Occasional 
droplet nuclei contained tubercle bacilli. 

The aerosol passed from the flask into the inhalation chamber through a large duct which 
entered the bottom of this chamber beneath a false floor. This floor was perforated at its 
periphery. The inhalation chamber, a hexagonal metal box, accommodated a modified 
Murphy respirator on each of its sides. Rabbits were placed in the respirators with the rubber 
collars about their necks. When the respirators were bolted in place, these collars served as 
gaskets to seal tlic apertures. This arrangement admitted only the heads and necks of the 
animals into the inlialation chamber in positions above the perforations in the false floor, while 
the air flowed from beneath upward and, after passing the noses of the rabbits, was drawn 
downward through a central outlet to the e.xhaust duct. The exhaust duct connected with 
the incinerating chimney, which served to sterilize the aerosol and to maintain negative pres- 
sure within the system. 

The concentration of organisms in the aerosol and the length of exposure determined the 
intensity of infection. When an exposure had been completed and atomization was stopped, 
the system was cleared by ventilation and ultraviolet irradiation, after which the animals 
were removed and returned to their cages. 

Fifty-sLx albino rabbits, all purchased from one source, were used in these experiments. 
These animals weighed about 2 kilos each when they were e.xposed to infection. They were 



H. L. HATCLIFPE AND W. T, -WELLS 


577 


ktpt in individual cages and fed a commercial mixture supplemented by carrots. All of them 
harbored spedes of Eimtria, but accidental bacterial disease was not found. 

Animals which were killed for study were bled from the carotid artery. When respiration 
had stopped, the trachea, lungs, and heart were removed with intercommunicating chaimels 
intact and the lungs were partially deflated by immersion in formalin diluted to 6 per cent in 
0.85 per cent aqueous sodium chloride solution. Following partial deflation the lungs were 
moderately distended by introducing fixative into the trachea through a pipette and bnlb. 
Repeated distention and immersion into the fixative removed the greater part of the alveolar 
air, after which the trachea was clamped and the organs fixed for several days. Lungs of rab- 
bits that died of tuberculosis were also fixed in this way, but rarely could they be so completely 
filled by the fixative. As judged by histological appearances, however, fixation was equally 
satisfactory. 

Sections were cut at 5 microns and stained by carbol fuchsin and Mayer's hemalum. The 
number of blocks of tissue taken from any set of lungs for section varied with thecharacter of 
the disease. In the study of the early stages of the infection, for example, blocks of tissue were 
taken from each lobe of the lungs and 10 to 20 serial sections cut from each block. Each of 
these series was estimated to contain 5 to 10 c.mm. of tissue. 

EXPERIMENTS 

1. The Initial Reaction of the Lung to Air-Borne Tubercle Bacilli 

This phase of the study utilized 16 rabbits, each of which was estimated 
to have inhaled upwards of 20,000 organisms. Six of the animals were infected 
as one exposure group and killed in pairs, 1, 2, and 3 days after infection. 
Other animals were infected in pairs and killed in pairs 2, 5, 6, 9, and 12 days 
after infection. 

Under the conditions of the experiment bovine tubercle bacilli, deposited 
in the lungs of previously uninfected rabbits, as individual cells, did not excite 
inflammatory response for about 12 days. During this interval the organisms 
became increasingly abundant within the alveolar macrophages, as seen in sec- 
tions, without inducing visible changes in these cells or in the surrounding 
tissues. 

Tubercle bacilli were found in each of the series of sections cut from the lungs 
of these rabbits. But, in the sections from animals killed within 7 days after 
infection, prolonged search was required. The lungs of these animals, when 
filled but not forcibly distended by fluid, displaced about 50,000 c. mm. Since 
about one-half of this volume was occupied by bronchi, bronchioles, and blood 
vessels upon which the tubercle bacilli apparently did not gain a foothold, the 
inhaled organisms were deposited in about 20,000 c. mm. of susceptible lung 
tissue. 

hi Week . — During the 1st week after infection the tubercle bacilli invariably 
were found in isolated alveolar macrophages which were more or less loosely 
attached to the walls of otherwise normal alveoli, and recognizable by carbon 
particles in their cytoplasm. As a rule that part of the cytoplasm of the macro- 
phage included in a section contained a single, solidly stained bacillus. Oc- 
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casionally, however, 2 or 3 organisms were found in a section of a cell. The 
average frequency of infected macrophages was upwards of one in 200 sq. mm. 
of tissue section. Since sections approximated 5 microns in thickness, this 
number corresponded to the number of bacilli estimated to have been inlialed; 
i.c., one organism jjer cubic millimeter. The frequency of infected macro- 
phages did not increase appreciably during this 1st week of infection. 

2)id Week . — Between 6 and 0 days after infection, however, the numbers of 
infected macrophages seemed to have increased by about tenfold. In the lungs 
of animals killed 9 days after infection a majority of the infected cells still 
were isolated macrophages (Fig. I). Less frequently the infected cells were 
found in small groups (Fig. 2). Alveoli containing tlie infected cells were un- 
changed otherwise. 

Between 9 and 12 days after infection the collections of parasitized macro- 
phages, as seen in serial sections of the lungs of 4 rabbits killed at these intervals, 
seemed to have increased rapidly in size. As judged by this material, the rate 
of increase in the size of these foci of infection was more pronounced during 
this interval than from 6 to 9 days, and the numbers of bacilli witliin these 
foci were increased correspondingly (Figs. 3 and 4). This apparently acceler- 
ated development of the infection was in keeping with progressive growth of 
the organisms, if tliis followed approximately the expected normal rate. 

After 12 days of development a majority of infected foci occupied only one 
or two alveoli, but occasional ones had spread into several adjoining air spaces. 
Usually the alveoli were compactly filled by alveolar macrophages, which fused 
into dense masses and sometimes formed giant cells wliich resembled cross- 
sections of poorly defined tubules (Figs. 5 and 6). 

At this time leukocytes and small monocytes had begun to accumulate about 
the developing tubercles. In some lesions numerous leukocytes clustered about 
the infected macrophages and penetrated into the masses of cells. The small 
monocytes were most conspicuous in the alveolar walls about the infected cells 
where they had become sufficiently numerous to thicken the tissue. 

In addition to the reaction which has been described, scattered acute focal 
inflammatory lesions developed in the lungs of more than half of tlie animals 
in this series. These foci were well developed in 24 hours in one rabbit and 
seemed to be disappearing after 3 to 6 days, as judged by appearances in sections 
of lungs examined at these intervals (Figs. 7 and 8). In some animals they 
were found in aU parts of the lungs; in others only one or two series of sections 
contained them. Their centers were composed of alveolar macrophages, with 
scattered leukocytes among these cells and about their outer borders. More 
abundant than the leukocytes were small, dark staining cells which resembled 
lymphocytes. These cells were most numerous about the periphery of the 
lesions, apparently having moved into the foci from blood vessels and capillaries. 

An explanation for these lesions is not apparent. The' rabbits inlialed from 
10 to 100 miinfected droplet nuclei for every one which contained a bacillus. 
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If these lesions were reactions to the uninfected droplet nuclei they should have 
been much more abundant and more uniformly distributed. But they were 
sparsely developed and irregularly distributed. Hence they are considered to 
be non-specific reactions. They are described because it was inevitable that 
occasional ones would be infected, in view of the numbers of organisms inhaled 
by these animals. Apparently, even when infection occurred, these non-specific 
foci underwent some degree of regression, but the alveolar macrophages and 
the small, dark cells persisted in small niunbers as the bacilli increased. The 
progress of these lesions seemed to correspond to that of ones which apparently 
developed from simple infection of isolated alveolar macrophages. This opinion 
is based upon study of infected non-specific foci found in the lungs of one rabbit 
killed 72 hours after infection, and of another killed 9 days after infection 
(Fig. 9). 


2. Developtiieiit and Progress of Initial Tubercles 

Beyond the 2nd week of its development the response of the lungs to initial 
infection by separated bovine tubercle bacilli has been studied in 40 rabbits. 
Fourteen of these died or were killed between 16 and 28 days, 14 between 32 
and 43 days, 6 between 56 and 7 2 days, and 6 after 100 or more days of infection. 
The number of organisms inhaled by these animals during the single exposure 
to which they were subjected varied, by the plan of the experiment, from less 
than 10 to more than 20,000. 

3rd Week . — The tubercles became visible by the end of the 3rd week as 
translucent, pale foci, 1 to 2 mm. in diameter. The histological preparations 
suggested the following pattern of development during this period. 

Growth of the bacilli in the alveolar macrophages continued unchecked and 
these masses of infected cells spread to adjacent alveoli through the alveolar 
ducts. With this growth an inflammatory reaction developed rapidly about 
the foci of bacterial growth. Within 18 to 20 days alveolar macrophages had 
disappeared as intact cells to leave the bacilli concentrated among their frag- 
ments while leukocytes and monocytes or histiocytes continued to move into 
the mass and distintegrated (Fig. 10). 

The spaces which contained these centers of bacterial growth often were lined 
by flattened basophilic cells, apparently monocytes. Alveolar walls immedi- 
ately about the centers became increasingly thickened and alveolar spacesfilled 
by monocytes among which were smaller number of leukocytes and lympho- 
cytes. Occasional monocytes near the inner border of the mass of inflammatory 
cells contained bacilli. 

By the end of the 3rd week of growth the tubercles consisted of relatively 
wide inflammatory zones centering about the spaces in which the bacilli were 
concentrated. Toward the periphery the alveoli tended to be free of cells al- 
though alveolar walls were infiltrated well beyond this zone. 
dth Week . — In the lungs of rabbits killed 28 da3's after infection tubercles 
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appeared as moist, translucent nodules, 4 or 5 mni. in diameter, outlined by 
narrow borders of injected capillaries. In sections the greater part of the nod- 
ules was composed of the zone of inflammatory cells. The necrotic centers 
seemed to have c.^panded less rapidly and, in e.xpanding, seemed to follow alve- 
olar ducts, so that their outlines became irregular. This e.xpansion of the 
necrotic centers into alveolar ducts seemed to account for the contact between 
them and the lumina of the terminal bronchioles (Fig. 11). However, evidence 
of bronchial spread of the infection was not found until much later (Fig. 12). 

Late in the 4th week of infection spread of the organisms from the initial 
lesions along perivascular and peribronchial lymph channels was found and, 
within this period, cpitheloid tubercles developed in the tracheobronchial lymph 
nodes of some animals. 

5th and 6th Weeks . — Within the 5th week after infection all tubercles under- 
went more or less extensive central caseation which separated the masses of 
bacilli and necrotic cells in the core of the lesions from the cells of the inflam- 
matory zone. During this time the rate of peripheral expansion of the tubercles 
decreased; apparently with caseation fewer macrophages and leukocytes mi- 
grated into the mass, and the width of the caseous zone came to exceed that of 
the inflammatory zone. During the 5th week, also, differences in the rate of 
progress of the tubercles from animal to animal became evident, although in 
the lungs of any one animal all lesions were remarkably uniform in size. 

On the whole, smaller tubercles seemed to be most completely caseous and, 
in these, the bacilli were more distinctly concentrated in the central zone. 
Often organisms could be found only in these central zones, enclosed in spaces 
which corresponded to alveolar ducts and were outlined by poorly stained 
reticulum fibers. 

By the end of the 6th week of infection differences in tire rate of progress of 
the disease from animal to animal were well developed. The reaction to infec- 
tion had become heterogeneous. Thus in the lungs of some of the rabbits 
which were killed 43 days after infection, tubercles were scarcely larger than 
at 5 weeks. They were well circumscribed, with extensive central zones of 
caseation and relatively narrow borders of inflammation. Evidence of spread 
of the organisms by way of the bronchi was not found, nor had tubercles de- 
veloped in other organs. Other animals at 6 weeks had well developed sec- 
ondary tubercles both of the lungs and kidneys. In the lungs, caseous material 
containing large numbers of bacilli apparently had drained into the connecting 
bronchioles and had been deposited in adjacent parts of the lung. This re- 
sulted in the initial lesions being surrounded by clusters of satellite tubercles. 

Or the infection had spread by the blood stream and many small tubercles 
had formed where bacilli had chanced to lodge in the lungs and kidneys (Figs. 

13 to 16). The size of the secondary tubercles which were found after 6 weeks 
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of infection suggested more than 2 weeks’ growth but, without knowing the 
numbers of organisms by which such lesions were initiated, there was no basis 
for an estimate of age. 

These differences in the rate of progress of the infection during the Sth and 
6th weeks sometimes could be related to the intensity of initial infection. Three 
of 6 rabbits which had inhaled approximately 150 bacilli each, exhibited macro- 
scopic secondary tubercles of the lungs and kidneys when they were killed 43 
days after infection. In 6 other rabbits, each of which had inhaled about 
10 bacilli, the infection was limited to the initial tubercles except for spread to 
the tracheobronchial lymph nodes. 

Later Phases . — Progress of individual tubercles in the lungs of any rabbit 
varied after 6 or 7 weeks. Some tubercles in the 5 rabbits killed 7 to 10 weeks 
after infection had not expanded beyond diameters of 5 or 6 mm. Others had 
enlarged to about 10 mm. in 10 weeks (Figs. 17 and 18). The expanding ones, 
more often than riot, were located beneath the pleura and tended to enlarge 
along this surface rather than in other directions. The pleura was considerably 
thickened by fibrosis but other surfaces of the lesions were bounded by dense 
zones of epitheloid cells among which were smaller numbers of lymphocytes, 
monocytes, and leukocytes. 

The smaller tubercles were sharply circumscribed in the tissue while the 
larger ones were associated with numbers of satellite lesions. Unless there was 
obvious evidence of drainage of the caseous centers into bronchioles the numbers 
of demonstrable bacilli in the initial tubercles at 10 weeks were less than 10 
per cent of the numbers present at 5 or 6 weeks. Likewise, the numbers of 
infected monocytes among the cells of the inflammatory zone seemed to have 
been reduced in these relatively inactive tubercles. These estimates were based 
upon study of serial sections taken through the centers of a number of repre- 
sentative lesions. 

When, however, the tubercles were draining into bronchi, the numbers of 
bacilli within them were enormously increased. At the same time the zone of 
inflammation about the periphery of the initial lesions decreased and they be- 
came thin walled cavities into which leukocytes and monocytes migrated, to 
disintegrate among the masses of bacilli. Fibrosis about such cavities was very 
slight. 

The 6 rabbits examined more than 100 days after infection all carried more 
than 30 initial tubercles, and all had developed a number of cavities (Figs. 
19 and 20). Usually these were located in the dorsal parts of the lungs and 
the infection apparently spread, mainly by gravity, to the dependent parts 
of these organs. However, some of the cavities, also, were located on the 
ventral surfaces. 

Among these 6 animals there were striking differences in the rate of spread 
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of the infection. However, the rate of progress of the infection did not seem 
to be related to the major pathway of spread, which, in tliesc animals, was tlie 
bronchi rather tlian the blood stream. 

DISCUSSION 

Under the conditions of these e.xperiments the reaction between the lungs of 
normal rabbits and virulent bovine tubercle bacilli, inhaled as separated cells 
in droplet nuclei, was completely homogeneous for about 4 weeks. The 
separated bacilli were ingested by alveolar macrophages and seemed to grow 
progressively in these cells without causing obvious damage to them for about 
2 weeks. Apparently infected cells did not wander from alveolus to alveolus 
to an appreciable degree. Instead, other alveolar macrophages, recognizable 
by carbon particles in their cytoplasm, moved into the alveoli in wliicli the 
bacilli had been deposited. How these cells came to contain organisms, unless 
the macrophages which were infected originally, disintegrated, cannot be 
imagined. Yet no cell which seemed to be degenerating, was found in the in- 
fected alveoli before 12 days had passed. 

Tubercle formation may be said to have started about the end of the 2nd week 
of the infection. At this time the alveolar macrophages had fused into imper- 
fect giant cells or had become vacuolated. Progressive development of the 
inflammatory reaction and growth of tlie bacilli apparently continued un- 
checked until the tubercles underwent caseation during the 5th week of infec- 
tion. Thereafter the reaction to the infection became heterogeneous. No 
evidence of delayed tubercle formation was encountered; this has been postu- 
lated to occur when air-borne infection was induced by another technique (8). 

Differences in tlie rate of progress of the infection after 5 or 6 weeks did not 
seem to be related to differences in the character of tlie infiammatory response. 
Instead, heterogeneity of the pattern of disease could be related to the inten- 
sity of the inflammation which, in turn, seemed to correspond to the differences 
in the growth rate of the bacilli after the 4th week, these differences, of course, 
being estimated from the number of organisms found in the lesions. This, it 
must be admitted, was a crude measure at best. Yet careful study of serial 
sections of representative tubercles revealed differences in the numbers of 
demonstrable bacilli of such magnitude that more e.\-act methods hardly seemed 
necessary. It appears worth considering that heterogeneity of progressive 
tuberculosis may be related to differences in the capacity of animals to change 
the composition of tlieir tissues or blood in such a way that growth of the bacilli 
may be more or less inhibited. 

The original purpose of this study was to evaluate tubercle bacilli as indica- 
tor organisms in investigations of the dynamics of droplet nuclei infection (4). 
‘Wlien it became evident that, under the conditions of these e.xperiments, tlie 
rate of development of initial tubercles did not vary with tlie animal until after 
5 or 6 weeks of growth, a more complete study of the early phases of air-borne 
tuberculosis seemed advisable. 
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The homogeneous phase of tuberculosis, as disclosed b}" this study, seems to 
have been overlooked in most investigations of the immediate response to in- 
fection (9-12). Possible reasons for this are: (1) methods used to induce in- 
fections may have implanted more than single organisms in the average focus, 
(2) the rate of tubercle development is not the same in all tissues, and (3) the 
rate of tubercle development may differ with the' species. Furthermore, ani- 
mals may react to the medium in which the bacilli are suspended, or non-cer- 
tain specific reactions may be confused with the response to the infection. 
Therefore it seems unwise to attempt to compare the results of different experi- 
ments, unless infection techniques be equally precise, and the response to in- 
fection studied in the same tissue. However, by the use of methods which 
approximated those of the present e.xperiments, the early response of guinea 
pigs to inhaled tubercle bacilli has been found to correspond to that of rabbits 
as here reported (13). 


SUiniAKY AND CONCLUSIONS 

Rabbits were caused to inhale known numbers of virulent bovine tubercle 
bacilli as separated cells in droplet nuclei. 

For appro.ximately 5 weeks after infection the growth of the bacilli and the 
response of rabbits to their growth was homogeneous; i.e., all reacted in the same 
way and to the same degree. 

After 6 weeks individual differences in the rate of progress of the initial tuber- 
cles and of the infection as a whole became evident. These variations in the 
response seemed to be influenced by the number of initial tubercles and by the 
number of bacilli found in the lesions. 

It is concluded that, as evidenced by the homogeneous phase of infection, 
rabbits do not differ in their resistance to initial growth of bovine tubercle 
bacilli. However, the later, heterogeneous pattern of response suggests that 
these animals vary widely in their capacity to acquire resistance. 
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EXPLANATION OF PLATES 

Photography by Mr. Basil Varian, Department of Anatomy, University of Pennsyl- 
vania. 


Plate 9 

Fig. 1. Rabbit 14-S. Tubercle bacilli in the cytoplasm of an alveolar macrophage 
9 days after inlialed infection. X 1100. 

Fig. 2. Rabbit 14-7. A group of infected alveolar macrophages 9 days after 
inhaled infection. 'Phe bacilli are distributed as solid black rods among these cells 
■which also contain carbon particles. The small cells of this alveolus appear to be 
monocytes. Note that the alveolar walls about the infected cells in Figs. 1 and 2 are 
unchanged. X 700. 

Fig. 3. Rabbit 14-4. A focus of infection after 12 days’ development. The 
alveolus is filled chiefly by alveolar macrophages, a majority of which contain bacilli. 
Monocytes arc present in small numbers among and about these cells and have 
accumulated in the walls of the adjacent alveoli. X 400. 

Fig. 4. Rabbit 14-4. An infected focus after 12 days’ development. This illus- 
trates the accumulation of leukocytes and monocytes about the cluster of infected 
macrophages. X 600, 
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Platk 10 

Fig. 5. .-V pari of ihc focus of infection shown in Fi^'. at a Iiit;lier niai'nification. 
Bacilli and carhon granules are seen within the cytoplasm of the fused ma.ss of alveolar 
macrophages. The upi)er and lower right edges of this ma.ss of infected cells are 
bordered by the thickened wall of the alveolus. X 1 100. 

Fig. 6. Another infected focus from rabbit 14-4, 12 days after infection, illustrating 
the fusion of infected alveolar macrophages to form giant cells. Carbon granules and 
bacilli arc scattered througli this fused ma.ss of cells. Monocytes and leukocytes sur- 
round the mass. X 1100. 
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Fig. 7. RiilibiL lO-l. A focus of non-specific reaction, 24 hours after the animal 
began inhaling the aerosol suspension of bacilli. Note that this focus is more e.Ktcn- 
sive than a developing tuliercle 1 1 days older. Serial sections of this focus did not 
reveal bacilli. X 400. 

Fig. 8. Rabbit 10-4. .A focus of non-specific reaction, 72 hours after the animal 
began inhaling the aero.sol suspension of bacilli. Ai this time these foci were less 
compact and appeared to be breaking up. This focus did not contain bacilli. X 500. 

Fig. y. Rabliit 14-8. 'I'libercle bacilli in the cytoplasm of alveolar macrophages 
9 days after infection. This lesion, and several others like it in the lungs of this 
animal, were attributed to chance infection of a focus of non-specific reaction. Com- 
pare the thickened alveolar walls about this group of cells with those shown about the 
average infected focus after 9 days’ development (Figs. 1 and 2). X 500. 
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I’LATi; 12 

Fig. 10. R:U)hil .v4. Killod 20 day.s after inhaling 50 to 75 bacilli. Tlii.-; field 
is rejireseiUative of the centers of initial tul)ercies during the latter part of the 3rd 
week and early part of the 4th week of development. Bacilli were found mainly 
among the cells which filled alveolar spaces and alveolar ducts. X dOO. 

Fig. 11. Rabbit 10-8. Rilled 28 days after inhaling about 150 bacilli. This field 
illustrates the communication between the necrotic centerof the tubercle, which con- 
tained abundant bacilli, and a patent bronchiole. X 350. 

Fig. 12. Also from rabbit 10-8. This illustrates the lack of reaction in the wall 
of a large bronchiole as the e.xpanding tubercle encroached upon it. Bacilli make up 
the black masses scattered through the lower two-thirds of the field. X ddO. 
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PhoLojjraiihs of luuj's arc natural size. 

Fig. 1.5. Raliliil 9-1. Killed .59 days after inlialing 17.S to 200 bacilli. 

Fig. 14. Rabliit 1 1-6, killed 4.5 days after inhaling 10 to 20 bacilli. 

Figs. 15 and 16. Rabbits 10-9and 1 1-2, killed 4.5 days after inhaling 1.50 to 175ba- 
cilli. Fig, 14 illiKstrates the average character of initial tubercles at 6 weeks, when 
small numbers of bacilli were inhaled. 

Figs. 13 and 16 illustrate jirogression of the infection by the air jiassages, and 
Fig. 15, progression bj' both air jiassages and blood stream at 6 weeks when initial 
infection was relatively intense. 'I'he irregular borders of the initial tubercles of 
Figs. 13, 15, and 16 could be traced to local spread of the infection thrt)ugh alveolar 
ducts and bronchioles. 








I’t^VlK 14 

Fig. 17. R:il)bit 15-S, killed S(i (iay.s alter infection l)y 5 air-horne Ijacilli. The 
tubercles in this animal are representative of tlie relatively slow prof'ress of tlie infec- 
tion at this time interval, wlien small numliers of bacilli were inhaled. Spread of the 
infection along the pleural l\’mphatics from the initial tubercles is clearly illustrated. 

Fig. is. Rabbit 7-4, killed 71 days after infection by 5 air-borne bacilli. The 
initial tubercles are correspondingly larger than those of Fig. 17, and bronchial spread 
of the infection is shown by satellite tubercles near the initial lesions and by small 
tubercles scattered through the lungs. Other organs were not involved. 

Fig. 19. Rabbit b-.S, killed 1.12 days after infection by 17.5 to 200 air-borne bacilli. 
This animal was an e.vposu re-mate of rabbit 9-1, Fig. 1.5. Some initial tubercles had 
advanced to form cavities; others were no larger than at 6 weeks; and still other initial 
tubercles seemed to have regre,ssed. In spite of relatively intense initial infection 
this animal apparentl}' developed a high grade of resistance to progression of the 
infection. 

Fig. 20. Rabbit 12-.5, died of |)erforated tuberculous ulcer of the gut 121 da^'S after 
inhaling about .50 bacilli. Cavities account for about one-half of the initial tubercles. 
The remainder apparently regressed. 
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When normal rabbits were caused to inhale an aerosol suspension of virulent 
bovine tubercle bacilli, the rate and pattern of tubercle formation were highly 
uniform for about 5 weeks. Thereafter, the progress of the disease was not 
uniform; it varied with the animal. 

Transition of this relationship from the homogeneous phase to one in which 
the progress of the disease varied with the animal has been attributed to the 
development of resistance (1, 2). As judged by differences in the rate of de- 
velopment of initial tubercles after the 5th week of growth, it appeared as if 
resistance developed slowly and the rate of its development varied widely. 
After the 5th week of infection the rate of growth of the initial tubercles and 
extension of the infection to other foci was proportional to the number of bacilli 
contained in the lesions. Thus the only demonstrable effect of developing 
resistance seemed to be upon the apparent growth rate of the bacilli (2). 

Experiments on inhaled reinfection have provided another method by which 
the effects of developing resistance upon the rate of growth of the bacilli may 
be observed. These experiments have shown that demonstrable levels of re- 
sistance develop more rapidly and increase at a more uniform rate than the 
study of initial infection had indicated. 

Material and Methods 

The 36 albino rabbits which were used in these experiments were purchased ftoca the 
dealer who had supplied animals for other studies of this series. These animals weighed about 
2 kilos each when they were first subjected to infection. All of them harbored species of Ei- 
mtria but acddental bacterial disease was not encountered. Details of feeding and care of 
these animals, as well as the methods by which infections were induced and tissues prepared 
for study, have been described fully in earlier publications (1-5). 

EXPERIMENTS 

Preliminary experiments demonstrated that rabbits e,xposed to massive re- 
infection 6 or more weeks after initial infection did not respond as do normal 
anunals. Accordingly the response to reinfection was further studied by rein- 

* This work has been supported by a grant from the Commonwealth Fund to the University 
of Pennsylvania for studies on the prevention and control of air-borne infection. 
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fecting rabbits at intervals from 2 to 7 weeks after initial infection. To this 
end, 18 normal rabbits, in 3 e.xposure groups of 6 animals each, were allowed to 
inhale about 30 bacilli per animal and divided into 6 groups for reinfection. 
Each reinfection group contained one rabbit from each of the 3 initial infection 
groups and one normal control. 

The first of these groups was reinfected 2 weeks after initial infection. Each 
week thereafter another group was reinfected until all had had a second 
e.xposure, during which every animal inhaled upwards of 20,000 bacilli. This 
large dose invariably killed normal animals within 4 weeks. Following the 
second e.xposure to infection each group of rabbits was observed until the con- 
trol animal had died. If, by this time, no other member of the group had died 
of tuberculosis, one of the reinfected rabbits was killed for e.xamination. With 
2 e.xceptions (see Table I), other reinfected rabbits were held until dead. 

i. Time Respoitse to Reinfection 

The results of this experiment have been summarized in Table I in which the 
animals are arranged by reinfection groups, whereas they had been numbered in 
regular sequence for the initial infection. This table shows the intervals in 
days between infection and reinfection, and reinfection and death. Under 
the headmg “Character of the disease” a brief description is given of the macro- 
scopic features of the disease in each animal. 

All control rabbits of this series died of tuberculosis within 4 weeks after in- 
fection. At death their lungs were fully expanded, deeply congested, and 
friable. Closely placed tubercles, many of which had fused, were distributed 
throughout these organs, and usually occupied more than half of the tissue (Fig. 
1). With reference to size, cellular components, and numbers of bacilli, these 
lesions corresponded in all essential features to other initial tubercles of the 
same ages (Figs. 3 and 5). Their development apparently had not been in- 
fluenced by the number of organisms inhaled. 

The appearance of the lungs of rabbits of tlie first, second, and third reinfec- 
tion groups which died or were killed within 32 days after reinfection, was much 
the same as that of the lungs of the control rabbits. The closely placed reinfec- 
tion tubercles seemed to have developed at about the same rate as did initial 
tubercles. The larger initial tubercles, distributed at random through the 
lungs, also seemed to have progressed at about the rate that would have been 
expected, if these rabbits had not been reinfected (Fig. 2). However, 
histological changes in the lungs of these animals suggested that initial tuber- 
cles were affected by reinfection, and that reinfection tubercles were influenced 
by initial infection. 

Initial tubercles of these animals were outlined by poorly defined, narrow 
borders of monocytes and leukocytes which surrounded relatively large irregular 
caseous centers. In contrast, initial tubercles, of the ages at which the-se lesions 
of reinfected animals were examined, ordinarily would have had much wider bor- 
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ders of inflammatory cells and relatively small compact caseous centers (2), 
Reinfection of the intensity used in this experiment, apparently had partially 
inhibited the inflammatory response of the initial tubercles and increased the 
extent of caseation without appreciably changing the rate at which these lesions 
had expanded. 

In contrast to the initial tubercles in the lungs of these animals the reinfection 
tubercles usually were more sharply defined. The size and the extent of casea- 
tion within these lesions usually corresponded closely to initial tubercles of the 
^3mf! ages, but their cellular components sometimes did not. In about one- 
half of the animals reinfection tubercles contained appreciable numbers of 
epithelioid cells, whereas in the lungs of other rabbits these lesions, like initial 
tubercles, were composed chiefly of monocytes and leukocytes. This dif- 
ference was not related to time of reinfection. 

The one feature which distinguished reinfection tubercles from initial tuber- 
cles of the same age was the relatively small number of bacilli which could be 
demonstrated within the caseous centers. Differences between the numbers of 
bacilli in initial and reinfection tubercles were estimated to be of the order of 
one hundred to one (Figs. 4, 6, and 7). This difference did not change appre- 
ciably with the interval between exposure to infection. 

One of the 3 rabbits which were exposed to reinfection 4 weeks after initial 
infection apparently did not develop reinfection tubercles. At autopsy of this 
animal, 62 days after the second exposure, the lesions found in its lungs could 
be attributed solely to progression of the initial tubercles. Likewise it seemed 
that death of all the rabbits exposed to reinfection at intervals greater than 4 
weeks was the result of progressive growth of initial tubercles. Yet it was not 
so certain that all of them resisted completely the bacilli of reinfection. For 
example, one of the rabbits exposed to reinfection after 6 weeks died 21 days 
later. This animal, and an exposure mate which was killed 26 days after rein- 
fection, had in their lungs numbers of small tubercles of sizes corresponding to 
reinfection tubercles of equivalent ages. But the kidneys of both animals also 
contained equally numerous small tubercles. Thus it seemed reasonable to 
suppose that the small tubercles in the lungs also developed from organisms 
which had spread by way of the blood stream from the initial tubercles. 

2. Effects of Reinfection upon Progress of Initial Tubercles 

In spite of the lack of convincing evidence of growth of the bacilli of reinfec- 
tion or of a response to their gro\vth when rabbits were reexposed after more 
than 4 weeks, the progress of the disease, in some animals of this series had been 
surprisbgly rapid. Other instances of equally rapid progression, without evi- 
dence of developing reinfection tubercles, had occurred among rabbits which 
bad been used in earlier experiments on reinfection. These animak had been 
exposed to reinfection 46 and 82 days after initial infection. 

In order to allow ready comparison of the characteristics of the dk p^g/> in 
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TABLE I 


The Response oj Rabbits to Massive Inhaled Reinfection at Increasing Iitkrvals from 2 to 7 
Weeks after Small Initial Inhaled Infection 


Rabbit 

No. 

Interval be- 
tween infections 

Time survived 
second 
infection 

Character of the disease 


days 

days 


12-0 

14 

20 


Initial tubercles poorly outlined, largely necrotic, con- 
tain numerous bacilli; reinfection tubercles vary with 

12-6 

it 

22 

► 

the animal from well defined lesions containing epi- 
thelioid cells to poorly outlined accumulations of 
monocytes and leukocytes which surround necrotic 

13-2 

It 

19 


foci. Bacilli scanty in all of these 

13-8 

Control 

22 


Tubercles poorly defined, composed of monocytes and 
leukocytes, and contain large necrotic foci in which 
bacilli are numerous 

12-1 

1 

1 

21 

27 k. 

i 

1 

Initial tubercles outlined by wide zone of monocytes, 
large center of necrosis; reinfection tubercles often 
fused but all largely cellular. Epithelioid cells, 
monocytes, and fibroblasts outline small necrotic 
centers in which there are few bacilli 

12-7 

(t 

i 32 


All lesions largely necrotic, poorly outlined by mono- 
cytes; few bacilli in foci of reinfection 

13-3 

ft 

24 


Reinfection tubercles simibr to No. 12-7 but show 
less necrosis 

13-9 

; Control 

27 


Tubercles poorly defined, composed chiefly of mono- 
cytes which outline relatively large necrotic foci in 
which bacilli are numerous 

12-2 

28 

2S' 


Initial tubercles poorly defined, largely necrotic; rein- 
fection tubercles composed mainly of monocytes and 
leukocytes which form poorly outlined borders about 
necrotic centers. Necrosis more advanced in 
No. 12-2, corresponding to age of infection, few 

13-4 

(C 

2 o] 


bacilli in reinfection tubercles 

12-8 

ff 

62 


No evidence of second infection. Disease limited to 
lungs and mucosa of the intestine 

14-2 

Control 

24 


Lesions similar to those of No. 13-9 

12-3 

35 

86 


No evidence of second infection. Subacute disease 
destroys mucli of lungs. Few small tubercles in 
kidneys. Mucosa of gut ulcerated 
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TABLE I — Concluded 


Kabbit 

No, 1 

Interval be- 
ireen infections 

Hmc survived 
second 
infection 

Character of the disease 


days 

days 



13-5 

35 

105 


Comparable to No. 12-3 but less rapidly destructive, 
and no evidence of spread by blood stream 

12-9 

35 

23 k. 


Initial tubercles -well circumscribed, few ulcerated. 
Miliary tubercles scattered in lungs and kidneys. 
No evidence of second infection 

14-6 

Control 

22 


Lesions similar to those of No. 13-8 

12-4 

42 

1 

21 ] 
1 

> 

Initial tubercles circumscribed but excavated. Miliary 
tubercles numerous in lungs and kidneys. No evi- 

13-6 

1 

1 26k.J 

\ 

dence of second infection 

13-0 

“ 

I 50 


Disease comparable to that in No. 13-6. Tubercles in 
kidney 3-4 mm. in diameter, gut ulcerated 

14-3 

Control 

24 


Lesions similar to those of No. 13-8 

12-5 

49 

85 


Moderate grade of blood stream spread. Disease in 
lungs chronic 

13-1 

H 

1 121 k. 

Infection limited to lungs except for few small lesions 
in kidneys 

13-7 

(( 

26 k. 

Tubercles limited to lungs. No evidence of second 
infection 

15-1 

Control 

23 


Well defined small tubercles composed of monocytes 
and leukocytes contain small necrotic fod. Bacilli 
numerous 

k., 

killed. 





animals -which were exposed to reinfection at intervals greater than 4 weeks, the 
records of 10 rabbits listed in Table I have been combined with those of 8 other 
animals of the 2 groups mentioned, to form Table 11. In this table the animak 
have been arranged in the order of increasing intervals between exposures to 
infection. The table also shows the average number of organisms inhaled by 
each animal at initial infection, and the survival period following reexposure. 
A brief characterization of the disease in each animal is also given. 

Progressive tuberculosis in the rabbits listed in Table n seemed to follow one 
general pattern. Certainly the rate of progress of the disease varied widely, 
but it involved the lungs chiefly and the length of life of the anfma?.; reflected 
the rapidity with -which the lungs were destroyed. Hematogenous spread of 
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TABLE n 

Sumval Periods of Rabbits and (he Character of Tuberculosis in Them Following Inhalation of 
about 20,000 Virulent Bacilli 4 or More Weeks after Initial Infection by Small 
Numbers of Air-Borne Tubercle Bacilli of Equivalent Virulence 


Rabbit 

No. 

Bacilli in- 
haled during 
initial 
exposure: 
approximate 

Interval 

betrrecn 

exposures 

Time 

survived 

second 

exposure 

Characteristics of disease 

12-8 

30 

Jiyt 

28 

dayt 

60 

Many large cavities, broncliial spread to dependent 
parts of lungs. No evidence of hematogenous 
spread 

12-3 

ti 

35 

86 

Large, thin walled cavities occupy greater part of 
lungs. Dorsal regions of lungs relatively free. 
Gut ulcerated and perforated 

12-9 

tt 

tt 

23 k. 

Initial tubercles ulcerated, cavities small; many 

1 mni., solid tubercles in lungs and kidneys. 
Extensive tuberculous pneumonia 

13-S 

H 

tt 

105 

Similar to No. 12-3, kidneys free 

12-4 

ti 

42 

21 

Similar to No. 12-9, but small tubercles in lung and 
kidneys 2-3 mm. 

13-6 

tt 

(( 

26 k. 

Similar to No. 12-9 

13-0 

tt 

tt 

50 

Initial tubercles, small, ulcerated. Many small 
solid, 2-3 mm. tubercles in lungs and kidneys. 
Tuberculous pneumonia in dependent parts of 
lungs; gut ulcerated 

9-4 

150 

46 

20 

Similar to No. 12-4 

9-2 

tt 

(( 

52 

Similar to No. 12-4, but less acute with few tubercles 
in kidneys 

9-3 

tt 

(( 

53 

Similar to No. 12-1, without hematogenous spread 

9-5 

tt 

1 

tt 

102 k. 

About 75 initial tubercles 5-10 mm., about 25 ul- 
cerated, others compact and caseous; gut widely 
ulcerated. Small tubercles in kidneys 

13-7 

12-5 

i 30 

tt 

49 

tt 

26 k. 

85 

Many initial tubercles ulcerated, bronchial spread 
with solid tubercles clustered about bronchi, 
solidifying dependent parts. Kidneys free 

Similar to No. 13-0, but less acute 
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TABLE 11— Concluded 


Kabbit ^ 
No. 

BactlU in- 
tiaJed during 
initial 
exposure: 
approximate 

Interval 

between 

eaposuiea 

'Time 

survived 

sec:aad 

exposure 

Ctuiracteristics of dtsexse 

13-1 

30 

days 

'49 

days 

121k. 

Few large cavities, many solid initial tubercles. 

1 

1 

8-5 

i 

100 

1 

82 ' 

6 

Many small tubercles scattered in lungs and kid- 
1 neys. Bronchial spread to dependent parts of 
lungs 

Similar to No. 12-9, with more extensive tuberculous 

84 

<1 

It 

36 

pneumonia 

Similar to No. 12-9 

8-6 

{( 

ft 

40 

Similar to No. 12-9 

8-7 


it 

50 k. 

Similar to No. 13-1 


Ic., kiUed. 


the infection was a frequent complication, especially of the more acute forms, 
but this could not be credited as a major factor in the death of any animal. 
Animals which exhibited chronic tuberculosis, usually had developed tubercu- 
lous enteritis also, but only one died of a perforated intestine. 

The rate of progress of the disease did not appear to be related either to the 
length of the interval between infection and reinfection, or to the number of 
badhi which were inhaled during initial infection. Instead it varied with the 
animal. For example the initial tubercles and the lesions associated with them 
were in much the same state of development in rabbits 8-4, 8-5, and 8-6, ex- 
posed to massive reinfection after 82 days, as they were in rabbits 12-4, 13-0, 
and 13-6 reexposed after 42 days. 

In the more acute forms of the disease, as developed by rabbits 8-5, 12-4, 
12-9, and, 13-0, a large proportion, if not all, of the initial tubercles ulcerated. 
At autopsy these lesions varied from 1 to 1.5 cm. in diameter. They consisted 
of wide zones of inflammatory cells surrounding poorly defined cavities which 
were filled almost completely by soft necrotic material in which bacilli were 
exceedingly numerous. Masses of this material were found in adjacent 
bronchi. Apparently these lesions provided the intense infection of the depen- 
dent parts of the lungs which lead to the development of more or less extensive 
tuberculous pneumonia (Figs. 8 and 9). 

The more chronic forms of tuberculosis, as illustrated by rabbits 12-8, 13-5, 
8-7, and 9-5, were characterized by the development of relatively few large 
cavities from initial tubercles. Usually these cavities were 2 to 4 cm. in dia- 
meter, with their walls well defined by fibrous tissue. Within and about their 






592 


TUBERCULOSIS OE lUVBBlTS. H 


walls the inflammatory reaction was relatively inconspicuous and they usually 
contained only small amounts of exudate. Other initial tubercles in these 
animals apparently remained quiescent or regressed, although lesions secondary 
to the cavities usually were numerous in the dependent parts of the lungs (Figs. 
10 and 11). 


DISCUSSION 

Under tire conditions of these experiments the lungs of rabbits have e.xhibited 
a highly uniform response to reinfection with virulent bovine tubercle bacilli 
when reinfection occurred within 4 weeks after initial infection. With one 
exception rabbits reinfected within 4 weeks seemed to be just as susceptible to 
implantation of separated organisms upon alveolar walls as were normal 
animals. In its essential features the pattern of this response seemed to cor- 
respond closely to that of normal rabbits (1, 2). Reinfection tubercles 
developed at about the same rate as initial lesions, and, more often than not 
their histological pattern was identical with that of initial lesions. The oc- 
currence of epithelioid cells in tlie reinfection tubercles of some animals was not 
related to time of reinfection. However, reinfection tubercles always contained 
far smaller numbers of bacilli than in initial tubercles of tlie same ages. This 
was the one constant difference between initial and reinfection tubercles and 
was no less pronounced in reinfection tubercles which developed in animals re- 
exposed at 2 weeks than in animals reexposed at 4 weeks, ^\fllether or not this 
diflierence in the number of bacilli resulted from a reduced rate of growth of the 
bacilli of reinfection, increased destruction, or from both factors has not been 
determined. Evidence presented by others also has been inconclusive, but has 
suggested, as does the present study, that the growth rate of the bacilli of rein- 
fection was reduced (6-9). 

While the apparent reduction in the growth rate of the bacilli of reinfection 
has not been explained, it must be taken as indicating a level of acquired resis- 
tance. It is evident tliat this level was developed rapidly. It was demon- 
strated within 2 weeks after initial infection with small numbers of v’^irulent 
bacilli, inhaled as separated cells in droplet nuclei, but it did not increase fur- 
ther until about 4 weeks after initial infection. Then susceptibility to reinfec- 
tion by methods used in this study seemed to end abruptly. Thus it may be 
suggested that acquired immunity of rabbits to reinfection with virulent 
bovine tubercle bacilli, inhaled as separated cells in droplet nuclei, corresponds 
in its essential features to that which develops in infections which terminate in 
“clinical crisis.” 

If, as indicated by these experiments, immunity to reinfection with virulent 
bovine tubercle bacilli, inhaled as separated cells in droplet nuclei, developed 
in slightly more than 4 weeks, then none of the bacilli of reinfection grew suffi- 
ciently to induce the development of tubercles in the lungs of animals which 
were exposed to reinfection at intervals of 5 weeks or more after initial infec- 
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tion. The present evidence is inadequate to establish this completely. In 
certain rabbits bacilli of reinfection may have induced the development of 
some of the small tubercles which were found in the lungs, although spread 
of organisms from initial tubercles could explain the development of these 
lesions. In other rabbits, however, it is evident that none of the bacilli of 
reinfection became established. Therefore, in spite of incomplete evidence, it 
is suggested that within 5 weeks after initial infection with virulent bovine 
tubercle bacilli, inhaled as separated cells in droplet nuclei, rabbits become im- 
mune to reinfection with these organisms. 

Nevertheless some animals which were exposed to reinfection at 5 weeks or 
more developed more rapidly fatal disease than would have been expected of 
rabbits inbred for low levels of resistance to tuberculosis. Others lived as long 
as highly resistant rabbits which carried equal numbers of initial tubercles 
(10). In the more quickly fatal infections exposure to massive inhaled rein- 
fection seemed to augment the progress of the initial tubercles which ulcerated 
early in their development and caused death by rapid bronchogenic spread of 
the infection. 

It is difficult to imagine how some 20,000 separated bacilli, inhaled into the 
lungs and deposited upon alveolar surfaces without apparent growth, could 
influence the spread of the infection from scattered initial foci. However, it is 
certain that the progress of the initial tubercles in the lungs of rabbits reinfected 
before the end of the 4th week was influenced by this experience. It is perhaps 
possible that massive inhaled reinfection after 4 weeks so saturated the defense 
mechanism of some animals that, although the bacilli of reinfection were de- 
stroyed, those in the initial foci increased more rapidly than otherwise would 
have occurred. It is also possible that rabbits, in which rapidly progressive 
disease followed exposure to reinfection, had become sensitized to the aerosol by 
the initial infection, and the course of the disease in them was influenced by 
sensitization. 

This phase of reinfection tuberculosis, like the details of the reaction to in- 
haled reinfection, seems to demand further exploration, a task for which the 
apparatus and techniques employed in this and earlier studies of this series are 
adequate. 

StJMMARY AND CONCLUSIONS 

At intervals from 2 to 11 weeks after normal rabbits had inhaled small num- 
bers of virulent bovine tubercle bacilli as separated cells in droplet nuclei, 
groups of these animals received a single exposure to reinfection during which 
each animal inhaled about 20,000 separated bacilli. 

Normal control rabbits which inhaled this large number of bacilli died within 
4 weeks thereafter. Their deaths were attributed to destruction of the lungs 
by developing initial tubercles. 

Eleven of 12 rabbits which were reinfected within 4 weeks after initial infec- 
tion seemed to respond as normal animals. Their lungs were largely replaced 
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by developing reinfection tubercles when they died or were killed within 32 days 
after reinfection. 

The inflammatory response of the reinfection tubercles was not consistently 
different from that of initial tubercles, although reinfection tubercles contained 
fewer bacilli than initial lesions of the same age. 

Within 5 weeks after initial infection rabbits apparently had developed im- 
munity to reinfection with virulent bovine tubercle bacilli inhaled as separated 
cells in droplet nuclei. In some of them, however, exposure to massive inhaled 
reinfection seemed to stimulate the progress of initial infection. 

It is suggested that in rabbits the development of resistance to tubercle bacilli 
does not bear a linear relationship to time, but progresses in steps and within 
5 weeks after small initial infection by inhalation is adequate to prevent the 
growth of separated bacilli when these are deposited upon alveolar walls. 

It is suggested also that the basic effect of acquired resistance of rabbits to 
tubercle bacilli is inhibition of multiplication of the bacilli. 
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EXPLiVNATlON OF PLATES 

Photography by Mr. Basil Varian, Department of Anatomy, University of Pennsyl- 
vania. Photographs are natural size. Photomicrographs are X 620. All sections 
from which these photomicrographs were taken were cut at one time, and stained in 
one lot, by one technician. 

PijVte 15 

Fig. 1. Dorsal view, lungs, rabbit 13-9, whicli died 27 days after initial infection 
by inhalation of some 20,000 separated bovine tubercle bacilli. These lungs are 
representative of the effects of massive inlialed infection. WTicn deaths occurred 
earlier, tubercles were smaller and, of course, less often fused. 

Fig. 2. Dorsal view, lungs, rabbit 12-2, which died 25 days after reinfection by 
inhalation of some 20,000 bacilli; initial infection with about 30 bacilli 21 days before 
reinfection. Initial tubercles seen as white spots, 5 visible. These lungs are repre- 
sentative of the effects of reinfection 2, 3, and 4 weeks after initial infection. 

Fig. 3. A representative tubercle, rabbit 13-9. Note the numbers of bacilli in 
the necrotic center and the types of cells of tlie inflammatory zone. 

Fig. 4. A representative reinfection tubercle, rabbit 12-2. ThisT^ion seems to 
be identical with that shown in Fig. 3, e.xcept that bacilli are scanty in the necrotic 

center. 
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Plvte 16 


Fig. 5. A representative tuliercle from the luniks of ral)I)it l.vS, tiying 22 days after 
initial infection. The necrotic part of this lesion, about which the photograph centers, 
contains considerable numbers of bacilli either singly or in masses. 

Fig. 6. .-V representative tubercle from the lungs of rabbit 12-6, reinfected after 14 
days, in the e.xiiosure group with rabbit 13-8, and also dying 22 days after this ex- 
perience. 

Fig. 7. A representative tubercle from the lungs of rabbit 13-2, reinfected with 
rabbit 12-6. Figs. 6 and 7 illustrate variations in the cellular response found in rein- 
fection tubercles. The cells which make up tubercles such as are illustrated by Fig. 7 
correspond to initial tubercles. Lesions such as are shown in Fig. 6 resemble secondary 
tubercles as seen in this series of animals. Bacilli are equally scanty in the necrotic 
centers of these lesions. 
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Plate 17 

Fig. S. Lateral view, lungs, rabbit 13-7, reinfected after 49 days, killed 26 days 
later. Two initial tubercles are visible in dorsal parts of lungs. Dependent parts 
are largely occupied by secondary tubercles. Ulceration of initial tubercles into 
bronchi is believed to account for all small lesions. Other organs were not involved. 

Fig. 9. Dorsal view, lungs, rabbit 13-6, reinfected after 42 days, killed 26 days 
later. Initial tubercles ulcerated, small tubercles equivalent in size to those in lungs 
were equally numerous in kidneys. Hence all small tubercles in lungs are beliex’ed 
to have developed from organisms spreading by bronchi and blood vessels. 

Fig. 10. Dorsal view, lungs, rabbit 13-5, reinfected after 35 days, and di’ing 105 
days later. Disease confined to lungs and mucosa of the intestine. 

Fig. 11. Dorsal view, lungs, rabbit 13-1, reinfected after 49 days, killed 121 days 
later. Disease confined to lungs and mucosa of the intestine except for occasional 
small tubercles in kidneys. These 4 animals are believed to represent extremes ol 
rairid and slow progression of the infection. 
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lus cultures, determination of 
serological properties of proteins 
in, 245 

— , unheated, of human tubercle 
bacillus cultures, fractionation and 
determination of physical-chemical 
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nitrogen equilibriiun over long per- 
iods, 547 

— proteins, renal threshold, pro- 
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